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CONVERSION TABLE

Conversion factors for U.S. customary
to metric (SI) units of measurement.

To Convert From To Multiply By

angstrom meters Im), 1. 000 000 X E -10

atmosphere (normal) kilo Pascal (kPs) 1 013 25 X E 42
bar f kilo pascal (kP*) 1. 000 000 X E - 2

barn e~r2 (. 2) L.000 000 XEF -28

British thermal unit (thermochemical) joule (.f 1.054 350 X E .3

calorie (thermochemical) Joule (J) 4.184000

cal (thermrochemical) .cm
2  

mega Joute/.
2 

(MJ/m
2

) 4. 184 000 X E -2

curie Igiga becquerel (GBq) 3 700 0oo X E .1

degree tangle) radian (rad) 1 745 329 X E -2 ,

degree Fahrenheit degree kelvin (K) .(t*f -4 59 A7),1,. .

electron volt joule (J) 1.602 19 XE -19 -

c rg joule ) 1.000 000 XE -7

erg/secind watt (W) 1. 000 000 X E -7

foot meter (m) 3. (4 - 000 X E -1

foo!-po. d-force joule ) 1. 355 818 . .

gallhn (( S liquid) meter1 m) 3. 785 412 X E -3

inch meter (m) 2. 540 000 X E -2%

jerk joule QJ) 1 000 000 X F .9

joule, k log ram (JI t radiation dose
absorbrd Gray (Gy) . 000 000

(si, tons terajoules 4. 183

kip t(10u lbf) newtot (N) 4.448 222 X E 43

kip inch
° 
(ks) kilo paacal (kPa) 6 .94 757 X E .3

ktap newton-second/m
2

N--e/m
2 )  

1.000000 X E .2

mwron meter 4m) 1 000 000 X F -;."*

md . meter (m) 2.540 000 X E -5

mini (nternational) meter (m) 1. 609 3,14 X E -3

kilogram (kg) 2 .3 '72 X F .

I).-d o," "r...'-. newton IN) 1.44' 222

-:,'. - n,- nt-wtotn-meter (N. W 1 12!' 1..( X F -1 %! ,

pud for' n, h newton meter (N/m) 1 751 2,;- X F1 '2

( j ild I",, ' ,kilo pascal okPal I T' 12,; X F -2

ii-t,,rt. V L h- klo pascal (kPa( - 1 7

p,,und Tm shIS , ' ' i. 11j , . kilogram (kg) ., ; 12) ' F 1 ,

1- i ..... , h..... '' '.. . . kil.gran, -meter , ,

(kg.m
2 )  

4 21 1 X k 2

j1, *,!ma, ,.* hil gram 'meter3

ral ,ra,h.l i ,t.,.ihbrl'ut'} .'1ray ( 1 1111 0)0 O \O F -2

r ,nT z..' , coulombl Ilogram
((" 'l.g) 2 ,79 7,;' X E -

h l,,sec'onrd (8) I ,'",I",,, \ .e

-h,,. kiig ram kg) I 4 0 1 X i , 1

torn i . kilo pascal (kPa) 3:1:1 2.: x i I

.e" . ' , '

.% % %
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SECTION 1

INTRODUCTION

In this report we shall use simple models to study the phenome-

non which has come to be known as nuclear winter'. The models are time-

independent, one-dimensional and allow solution in terms of closed form,

analytic expressions. In view of the fact that time-dependent, multi-

dimensional calculations of the phenomenon have been presented1 , it is

oerhaps appropriate to motivate the use of the much simpler models. The

!nodels have several uses: 1) they allow one to develop an understanding

of the phenomenon at a more fundamental level than may be possible with

the use of large, complex computer simulations; 2) they allow one to

examine the parameter space of the problen or to examine the importance of

including a particular type of phenomenon in the calculations. Usually a

simple inspection of the for nulas will reveal the sensitivity to a param-

eter value or type of effect, at most a simple calculation will suffice.

In this way they can point to interesting regions of the parameter space

where more detailed calculations should be done or to the most important 6,'A

additions to make in improving the more complicated calculations; 3) the

models and the physical intuition they allow one to develop are useful in

developing "sub-grid" models: formulas which specify in large scale simu-

lation codes the results of processes at scales smaller than the code can

resolve.

The main use we shall nake of the models in this report - the

purpose for which we developed them - is to study the effects of infrared

radiation, IR, on the nuclear winter phenomenon. In particular we shall

consider whether or not the presence of such IR radiators as hydrocarbons,
,I..'



N02, C02, water vapor or condensed water (clouds) can be of importance to

the phenomenon and to consider the sensitivity of the phenomenon to rea-

sonable variation in the IR properties of soot itself. We find that

hydrocarbons, NO2 and C02 are not of importance; this result is in agree-

ment with the conclusions of other workers. Water vapor is unlikely to be -

of more than marginal importance to the temperature structure if one

ignores convective instabilities; it may be of importance in determining

the stability characteristics at the top of the soot layer. Variation in -

the IR properties of the soot itself across the range of reasonable expec-
tation makes a significant difference in the results. Condensed water, if

it is present, can play a significant, indeed a dominant, role in the phe-

nomenon.

A water cloud mixed with the soot will alter the entire charac-

ter of the temperature profile, changing it from one in which the tempera-

ture is hot at the top of the layer and cold at the earth's surface - as

shown in previous calculations of the nuclear winter phenomenon and as

shown in our calculations in the absence of condensed water - to one in

which the temperature is cold at the top of the cloud-soot layer and hot

at the earth's surface. Furthermore the clouds can be created by the

amounts of water which are likely to be present. The question of whether

or not there will be clouds is complicated. There exists a strong hyster-

esis effect: if the cloud is there it keeps the top of the layer cold

which keeps the cloud there; if the cloud is not there the top of the

layer is hot which keeps a cloud fron forming. Most fire plumes are

initially capped with condensation clouds 2 .

If the clouds persist for long periods of time they will almost

certainly have a profound effect on the nuclear winter phenomenon. They

will also affect the dynamics of the phenomenon at early times when the

various individual plumes, some of which will probably have condensation

clouds, some of which may not have condensation clouds, combine to form : %:

2
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the hemisphere-wide soot layer of nuclear winter. Even if the condensa-

tion clouds disappear before the late times their effects on the dynamics

of the combining phase may have implications for removal rates of the soot

and for the later location of the material. In turn, it is the outcome of

these mixing processes, which the clouds will influence, which will deter-

mine whether or not there will be clouds at late times. Until careful

calculations which include the effects of the clouds are made we do not

believe that any calculation of the nuclear winter phenomenon can be com-

pletely credible: the presence of condensation clouds, which we have not

been able to rule out, would alter the entire character of the event.

We also point out that the nuclear winter phenomenon is always

warming over snowpack. This fact may influence global circulation pat-

terns or nay be important in other regards. The analysis of whether the

warming effect over snowpack is of importance to the total phenomenon is

beyond the scope of the present report.

The report is organized as follows: In Section 2 we document ri

the data we found necessary to accumulate in order to specify the param-

eters or ranges for parameters in the model calculations. Much of this

data was gleaned from other sources; some represent calculations we made

ourselves. In Section 3 we present the model calculations - the main

results of the study. The models are described in order of increasing

complexity, first ignoring convective instabilities then including their

effects in an approximate way. Concluding remarks are given in Section 4

and in Appendix E we make some remarks on calculating the development of

the unstable interface at the top of the soot layer when no condensation

cloud is present.

3 J
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SECTION 2

GASEOUS AND PARTICULATE MATTER INJECTED INTO ATMOSPHERE BY MASSIVE
BURNING, AND THEIR OPTICAL PROPERTIES

PRELIMINARY

One purpose of the present study is to investigate the possible

amelioration of the predicted "nuclear winter" effects at the earth's sur-

face by polyatomic molecules, injected into the atmosphere followinq

massive burninq, that might inhibit the escape to space of thermal radia- *

tion. For this purpose, we first performed a literature survey to deter-

mine the principal gaseous species produced by the burning, and to obtain

estimates of the Quantity of each injected. We then sought to determine,

using band models and parameters from the literature where possible, the

broad-band infrared (IR) emissivity and transmissivity for each of the

species.

As a further aid in performing the work of this contract, we

undertook calculations to estimate the broad-band IR emissivity, transmis-

sivity, and reflectivity for particulate layers. These include water

clouds, dust layers, soot (carbon) layers, and layers containinq a mixture

of water droplets and soot. We also performed calculations to determine

the corresponding optical properties in the visible (O.S5 um) for the same

particulate layers.

This section describes the methodology employed in the foreqoinq

studies and presents the results in qraphical and tabular form. The

results of the literature survey of injected species and their emission

4 .. '.
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factors are given first. This is followed by the optical properties of

the gaseous species and, finally, by the optical properties of the

particulate layers.

MOLECULAR SPECIES INJECTED

A survey of the literature, including References I through 5,

shows that the principal species injected into the atmosphere, as a conse-

quence of forest and urban fires, are C02 , CO, H20, NOx(NO 2+NO), and

hydrocarbons. A key item for each of the species is the "emission

factor," which is the number of grams of the substance emitted per gram of

fuel burned. These numbers are by no means unique for each of the

species, as different measurements have revealed a range of values.

Table 2-I shows values for the emission factors, the associated refer-

ences, and values adopted in this report.

* -There are many hydrocarbons, but we have assumed that they are

l-minated by six species and proportioned aong the as shown in

Table 2-2. The corresponding emission factors adopted, based on the total

hydrocar)on oil ission factor and the relative abundances, are also shown in

Table 2-2.

In Table 2-3 we compare, data permitting, the species content in

the anbient atmosphere (30°N - 70°N • 0.'8 i steradians) with the addi-

tional amount added froin the burning of 4500 Tq fuel (I Tq 1012 q).

This is the "baseline case" considered in Reference 2-1 and corresponds to

3750 Tq consumned in urban fires and 750 Tq in forest fires. The amounts

added fro~in the hurninq are based on the ,n 1 ssion factors qiven in

Tables 2-I and -?. In both cases the amounts are given in terms of the
total nul)ber of nol eculeos and the vertical col tino nu,tler in units of atm

c,- at NTP, For the &nbiont ai,,110)here we have used the f,)3Howin,4: (., in d

!1xiOl rt iLu a .f 1 - , .3 1)- 1iv y Will? to %

.> -- " • '.' .".1

-" .." • " -- " ",-' " ' - - • "- . .. " . . . . . .
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Table 2-1. Emission factors for products of combustion.

Species Emission Factor Reference Emission Factor
Adopted

C02  1 - 1.75 2-2 1.75
1.9 (Ponderosa Pine) 2-4

CO .05 2-1 0.18
.0] - .25 2-2

.01 (Ponderosa Pine) 2-4

H20 .25 - .75 2-2 0.75

Nnx 1.5 x 10- 3 2-1 5 x I0 -

5 x 10-4 4.5 x 10-  2-2
4 x 10 - 3.3 x 10 -  2-3

hydrocarbons .02 2-1 102
(total) 5 x 10-3' 2 x 10- 2 2-2

4.5 x 10-3- 6.5 x in 3  2-4

Table 2-2. Assumed distribution of hydrocarbons (Reference 2-4).

Species Relative Abundance (%) Emission Factor

Adopted

CH4 (methane) 30.R 3.1 x 10- 3

C2H4 (ethylene) 25.R 2.6 x 10-

C2 H2 (acetYlene) 22.3 2.2 x I0 -

C3H6 (oropylene) 7.1 7.1 x 10-4

C3H8 (propane) 7.0 7.0 x i0-

C2H6 (ethane) 7.0 7.0 x 10-

6
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total concentration from Peference 2-6; the mid-latitude mean values for

H20 from Reference ?-6; NnX and rH4 values from References 2-7 and 2-8.

The ambient atmospheric content of the hydrocarbons, other than methane,

is not readily available to us and so is not included in Table 2-3.

BROAD-BAND IR PROPERTIES OF MOLECULAR SPECIES

Since thermal radiation from the earth approximates blackbody

radiation, we are interested in determininq the emission and absorption

properties of the injected products of combustion averaqed over a Planck

spectrum. These averaqe values are called "broad-band" IR properties of

the molecules.

The effective radiatinq temperature of the earth lies between

about 200 and 300 *K. At 300 °K the blackbody emission peaks at 10 tm; at

200 °K it peaks at about 15 pm. So we are interested mainly in molecules

that absorb in the lonq-wavelenqth infrared (LWIR) beyond about 6 tim. All

of the molecules listed in Table ?-3 satisfy this reauirement except for

" CO whose fundamental band lies at about 4.7 Pm. Thus, althouqh Table 2-3

indicates that massive hurninq may inject more CO into the atmosphere than

is there under ambient conditions, its presence should not alter siqnifi-

cantlv the transport of thermal radiation throuqh it, and so we delete it

from further consideration. We shall also iqnore CO2. This is because,

from Table ?-3, the amount in,iected by burninq is only ahout I percent of

the ambient content. With the exception of propylene (C3H6), for which we V

could find no hand-model data, estimates of the broad-band IR properties

of the remaininq molecules in Table 2-3 are qiven below. For Nnx we '

will include only NO2 because very little of the fundamental band of NO at

S.1 um extends into the LWIP reQion at ambient temperatures.

" ".. "<.%'
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N02

The transmission of NO2 in the V2 and v3 fundamental bands and

the vi + V3 combination band, spanning the wavenumber interval 655 to 2950

cm-1 , has been modeled by Pierluissi and Tomiyama (Reference 2-9) and can

be written in the form

S a1+a2X -
T exp(-10 ) (2-1)

where

X : c' + lo 1OoW (2-2)

and

m

0

W :(--I) U (2-3)

Here, P is the total air pressure, T is the temperature (K), P0  and .

To (273 "K) are the correspondinq STP values, U is the absorber thick-

ness (atm cm), a,, a2 , n, m are constants given in Reference 2-1*, and c'

is tabulated in Reference 2-1 as a function of wavenumber V.

The spectral emissivity at wavenumber v is

=(v) 1 1 - T(v) (2-4)

and the broad-band emissivity, F, is

1OD

f c(\)(V)d

O. (2-5)

) r R(v)dv
%o

* The value of a, is erroneously aiven in Reference 2-I as -0.?5653. The
I % correct value is 1.1Q711.

.." - '-..9
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Here, B(v) is the Planck function

B(;) = 2hcv 3(e '. 3 5 ;/T-I)-l (2-6)

We have evaluated e numerically from Equation 2-5 using Equa-

tions 2-1 through 2-4, in which, for the nuclear winter application, we

assumed an average NO2 layer height of 5 km with P = 540.5 mb and

T = 256 *K. The calculations were performed for NO2 layer thickness (U)

ranging from 10-4 to 102 abn cm. The results are shown in Figure 2-1.

For the maximum value of U for NO2 in Table 2-3, that incor-

porates contributions from fires and nuclear fireballs, the emissivity

(Figure 2-1) is seen to be less than about 6 x 10-3. This corresponds to

a transmission of thermal radiation from the earth's surface of at least

99.4 percent.

H 2 0

The broad-band IR emissivity for water vapor, as reported by

Staley and Jurica (Reference 2-10), is shown in Figure 2-2 for two differ-

ent temperatures. In this figure the path length is in units of gm cm-2

of water vapor (1 qm cm-2 = 1.2438 x I03 atm cm). For an atmospheric

water-vapor content of 1.8 x 103 atm cm (Table 2-3), corresponding to 1.45

gn cm , the emissivity is seen to be about 0.63, corresponding to a

transmission of thermal radiation of 37 percent. These values are for the

ambient atmosphere. However, the additional amount of water vapor in-

jected by the fires (3.6 atm cm) contributes only insignificant increments

to the ambient emissivity and transmissivity. *.,

10-
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(from Reference 2-10).

Hydrocarbons

Methane (CH4 ). For methane we use the band model developed by
Jarem, et al. (Peference ?-11) which is formally similar to that described
above for N02. The transmission at wavenumber V is qiven by

TI v)  exp[- 10a(c'(v)+loqIOW)1 (2-7)

where W is determined from Equation 2-3. The values of the parameters
a, n, m are qiven in Reference 2-11 as are also the parameters c'(v) for
v ranqinq from 10R5 to 3215 cm- . This interval spans the reqion of the
two IP-active fundamentals v3(13n6 cm-') and v,(3020 cm-). Aqain, the ,e'l
spectral emissivity is qiven by Equation 2-4 and the broad-band emissivity

by Foliation 2-5.

1-'1 2 " '



The broad-band emissivity, at a temperature of 256 @K and total

pressure of 0.54 atm, is shown in Figure 2-3 (along with results for the .

other hydrocarbons described below) as a function of path lenqth (Itm cm)

throuqh the methane layer. Arrows near the bottom of Figure 2-3 show the

values of U from Table 2-3 correspondinq to the fire contribution in the

baseline case. For methane, the ambient value for U is also shown. It
2

corresponds to an emissivity of about 10- , which is equivalent to a

transmissivity of 99 percent. The incremental amounts from the products

of combustion are only about 0.1 percent.

Ethane (C2H6 ). For ethane, we have been able to find absorp-

tion-coefficient data for only the v9 band centered at 821.52 cm
-

(12.2 Pm). Althouqh this is believed to be the major band of interest to

us, the results obtained below should be considered as lower limits to the

broad-band emissivity.

The spectral absorption-coefficient data for the v9 band,

obtained by Varanasi, et al. (Reference 2-12), can be represented as

k-= S exp-a(VVo)2]  (atm-1 cm- ')  (2-8)

where ..

S = Jk- d(v-V O) : 31 (30_) (atm-1 cm- 1)
V~ 0 T

4 2

a 5.79 x 10-  cm2

and

= 825 cm-.o '..4
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Assuminq the statistical (Lorentz line) band model, the trans-

mission is qiven by (Reference 2-13)

T(v) exp'-k-U/Vl+k t/(4a )] (2-q)

V C

where, aqain, II (atm cm) is the absorber amount and

a = Y /d (2-10)c c

Here, Yc and d are, respectivelv, the mean (collision broadened) line

width and mean line snacin.

For ethane, we take (Peference 2-1?)

1/2

Sf.in2 atm ; d ?.6 cm- (
aT

where Datm is the total pressure in atmospheres. Althouqh ac is

qenerally a function of v, we assume it to be a constant. With the above

parameter values, alonq with values for T and Patm of 256 K and

0.54 atm, respectively, Fauations 2-4, 2-5, and 2-9 lead to the broad-band

emissivity for ethane shown in Fiqure 2-3. For the amount of ethane in- v
iected into the atmosphere by massive burnino (2.I x in- atm cm), the

emissivity is seen to be very small (6 x 10-s), correspondinq to almost

complete transparencv of the thermal radiation. It is unlikely that this

result would he siqnificantlv different had the other bands of ethane been

included.

Propane (C3HOj. For propane we use the band-model parameters of

qiver, et al. (Peference 2-14). The snectral transmission can he repre-

sented hv the expression

.. ...... ........ ..
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T(V) exD[-kVU/+kU(1 ac) ]  (2-12)

where

ac  a,(;) Pat (2-13) [

From plots of a°(atm -1) and k-(atm "' cm-) as functions of V given in

Reference 2-14, we have computed the spectral transmissivity and emis-

sivitv from Fquations 2-12 and 2-4, respectively, and the broad-band IR

emissivity from Fquation 2-5, as functions of U. The results are shown in

riaure 2-3. --

From the amount of propane injected into the atmosphere in the

baseline case (1.4 x 10- 3 atm cm), we see that the emissivity is nearly
5

the same as that for ethane (6 x 10- ) and that any decrease in the trans-

mission of thermal radiation due to injected propane is quite neqliqible.

Acetylene (C2H2 ). Inteqrated band intensities, S, at 300 "K

have been measured for several bands of acetylene by Varanasi and Rangaru

(Reference 2-15). These are shown in Table 2-4. Of the four shown, two

are fundamentals and two are intercombination bands. The V3 fundamental

and the V2 + V4 + V5 intercombination band severely overlap and are

treated as a single band. We call this "band 3." The V5 fundamental and

the V4 + v5 intercombination band will be referred to as bands "1" and

"2," respectively. Only for band 1 are spectral absorption coefficients

qiven in Reference 2-15. To obtain the broad-band emissivity, including

contributions from bands ? and 3, we use an approximation developed in

Appendix A.

16
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Table ?-4. Rand intensities for acetylene at 300 *K (Reference 2-15).

Band Band Center (cm-' Wavelencith (P'm) S (atm- Icm- 2)

()729 13.7 729

(2 4~ + V51328 7.53 87

V3 (329S ?q 429 O

1V2 + VL4 + V51 13?8?1 ~30 q

Consider first "band 1." As for the case of ethane, we write

* the soectral transmissivity in the form

T(v) exn)[-k-t/v11+k-t1/(4ac)1 (2-14)

* where

a Y Y/d a p (-5
cc c atm

*We have been unable to find values of a c for acetylene. However, for

propane near 750 cm- 1, a - 1 atm-1 (Reference 2-14), and we arbitrarily A
c

adopt this value here. Values for k- (atm-1 cm-1) from 650 to 810 cnr1
V

are available from Reference 2-15. These, tociether with Equations 2-14,

0-6 24 and 2-S, were used to compute the broad-band emissivity for the

V5 band.
*J.

In Appendix A we show that if an absorbini layer is Optically

thin to a molecular hand (k-1) << 1), then the broad-band emissivity for

VV
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I1.53 B'(;o)SU/T4  (2-16)

where

8.( 0) = ;03(e'.4 35 vO/T- 1 )-1  (2-17)

v 0  is the hand-center wavenumber, S is the inteqrated band intensity

(atm-1 cm2 ), and 11(atm cm) is the layer thickness. It turns out that

under nuclear-winter conditions, values of U for acetylene are suffi- ,

ficiently small (Table ?-3) that the laver is optically very thin and so

i the condition for applicabilitv of Equation 2-16 is easily satisfied.

fonseauently, for bands P and 3, at a temperature of 256 °K, and with

values for v0 and S from Table ?-4, Equation 2-16 leads to the result

62 + C3 = 1.8 x 10 - 2 11 (2-18)

Equation 2-12 for the spectral transmissivity is called the

"curve of qrowth." For small values of k-11, the exponent is linear in .

k-ti. Rut for larqe enouqh k-i the exponent varies as the square root of
V V

k-11. In the linear reqion it turns out, from our detailed calculations,
V

or from Fquation 2-16, that for "band 1" we can write

F- (k-1I < 1) = 7.3 x 10- U (2-1Q)
V

Comoarinq Fouations ?-IR and ?-IQ we see that the contribution to the

broad-hand emissivity from "hand 1" is about 42 times qreater than that

from the sum of hands 2 and 3. Consequently, hands 2 and 3 can be iqnored

with very little error. This permits us to plot the broad-band emissivity

for acetylene as a function of II, even to larqe values of U.

18 -
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The results are shown in Fiqure 2-3. For the value of U in the

baseline case (7.4 x 10-3), we see that the emissivity is about 5 x 10- 3

which corresDonds to a decrease in the transmission of only 0.5 percent.

Ethylene (C2H4). We have found no band model nor spectral .

absorption coefficients in the literature for ethylene. However, %

Nakanaqa, et al. (Reference 2-16) have measured integrated band inten-

sities, , for the v7 , v9, v10, vII, and V12 bands. The results are shown

in Table 2-5. For sufficiently small values of U, we can determine the

broad-band emissivity from the eauation (Appendix A)

Table ?-5. Rand intensities for ethylene (Reference 2-16).

Rand Vi(cm-) Wavelength (Pm) Si(atm-1 cm- 2 )

V7 94q 10.54 376.q

"9 31n5 3.2? 116.1

'110 826 12.11 0.134

3.35 63.9

V1 2  144.3 6.93 46:4

wherp the sum in Fouation 2-20 is taken over all molecular bands and

PI(vi) is aiven by Equation 2-17. When the parameters from Table 2-5

are u-sed in Faiation ?-20, we obtain, for T = 26 °K,

optically thin 0.25 atm cm (-1ethylene 
, cm

which is plotted in Fiqure 2-3.

19 "-
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Equation 2-21 should be valid for the nuclear-winter application

in which, for the baseline case, U a 8.2 x 10-3 and so E z 2 x 10- 3.

This corresponds to a decrease in the transmission of thermal radiation

due to the ethylene layer of only 0.2 percent.

If we add the effects of all the hydrocarbons resulting from

massive burninq (baseline case), we find a total broad-band emissivity of

about P.1 x 10- . However, due to band overlap amonq the different

species, the resultant emissivity will be somewhat less than this (see

Appendix R). We therefore expect that the injected hydrocarbons will

decrease the transmission of thermal radiation through the layer by less

than 1 percent.

BROAD-BAND IR PROPERTIES OF PARTICULATE LAYFRS

In this subsection we describe calculations performed to esti-

mate the broad-band IP properties of particulate layers of interest in the

nuclear-winter problem. nf special relevance are the emissivity, trans-

missivity, and reflectivity of water clouds, dust layers, soot (carbon)

layers, and layers containinq a mixture of soot particles and water

droplets. We first describe the method employed and then present the

results for specific particle types.

Method ..

We are interested in determininq the broad-band IR emissivity,

E, transmissivity, T, and reflectivity, P, for particle layers of thick-

ness I (am cm- 2 ). These quantities are related by the expression

+ T + R

Here, c is defined by the relation 2-5, and T and P are defined by

correspondina expressions in which the spectral emissivity, c(V), is

replaced by the spectral coefficients T(V) and P(), respectively.

20
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Initially, we attempted to calculate the spectral coefficients

e(v), T(v), and R(v) usinq a Mie-scatterinq code, and a radiation trans-

Dort alqorithm similar to one in the ROSCnE and NORSE codes. However, we

ran into numerical difficulties with the method, especially when consider-

ina mixtures of particles where, for certain values of U and density

ratios of particle types, the sum 2-22 exceeded unity. Subsequently, we -

adopted an approximate procedure, summarized by Bartky and Bauer (Refer-

ence ?-17), for calculatinq the spectral coefficients in terms of the Mie-

scatterinq cross sections that we obtained from our Mie code.

The appropriate formulas for the spectral coefficients, using

the parallel beam or one-dimensional approximation, are as follows:

C = 2K[ek(k+K) + e (k-c) - 2k]/D (2-23)

R = (k2 - C2)(ekT e- kt)/D (2-24)

T 4Kk/n , (2-25)

where

n = (k + K)
2 ek - (k -) 2 ekt (2-26)

k lK[I?( - K)8 + K]/ (2-27)

/K 0  a /( + )a a ( S )  a (q a + a-

c+ =1 (2-29)

and

1T 0)

B : 0.5 f P())sinedO 0. f P()di (2-30)

'.e.e
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Here, o and a are, respectively, the absorption and scattering cross
a s

sections (cm2), aa and as are the related mass absorption and mass-

scattering cross sections (cm2 qm-), a and 0 are the fractions of the

radiation scattered forward and backward, respectively, at a single scat-

terina, and P(O) is the scattering pattern normalized such that

.5 f P(U)dp = 1 (2-31)

-1

where u = cosO and 0 is the scattering anale. The auantity T is the

optical depth which, for a distance z into a medium of particle number

densitv N, is qiven by

T f (0 + a)Ndz' (2-32)
a s 0,

Alternatively,

T (q + ay)II = qe ' (2-33)a s e

where a the sum of qa and qS. is the mass-extinction coefficient.

a s

In comoutinQ the spectral coefficients 6, R, and T from Equa-

tions 9-23 to ?-25, the ouantities reauired as input are the absorption

and scatterinq cross sections (for determininq K) and the scattering pat- *

tern P(M) (for Heterminina 6). W,1e have evaluated these quantities,

averaqed over specified particle-size distributions, from Mie codes

developed oriqinally bv Thompson at General Flectric Co., TFMPO, and

described in Reference ?-1P. Specifically, we have performed calculations ,/' -

for two different size distributions of water dronlets, for a distribution . .

of dust (basaltic alass) particles, for a distribution of soot (carbon) .' ..

22



particles, and for a combined distribution of water droplets and soot par-

ticles. The basic inqredient in these calculations is the complex refrac-

tive index of the particles as a function of wavelenqth. Values used for

the real and imaqinary components were obtained from References 2-19 to

2-21 and are tabulated in Appendix C.

For a mixture of soot particles and water droplets, we used the

followinq expressions for the parameters K and 8 that appear in the

foreqoina relations:

a a (2-34)

W + e -

(pW/p w + "'"
(w/o o + :h

S s (2-35)
(pW/pS q W + qs

5 5

ww s s
ae U + 0eii (2-36)

Here, PW and s are the mass density of water drops and soot particles,

resoectivelv, The other parameters have their usual meanins, with super-

scripts "s" and "w" referrin, respectively, to soot particles and water

droolets.

Particle size nistributions. We assume the lon-normal distri-

hution of particle diameters, nl:

-0.5 Zn( n/nm)/Zn.1 2* e , (2-37)

V2 n Zn S

23
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where Dm and S are the mean diameter and standard-deviation param-

eters, respectively. The values used for m and S for each particle

type are shown in Table 2-6. In the case of water droplets (clouds),

calculations were made for two different distributions. The first distri-

bution approximates measurements made on altostratus clouds (see Reference

2-22); the second contains a larger fraction of larger droplets. The dust

and soot distributions are those used for the baseline calculations

(Reference 2-1). For calculations involvina a combination of soot and

water droplets, distribution 1 for water was used. These distributions '-"

are shown in Figure 2-4.

Table 2-6. Loq-normal parameters used in the Mie calculations.

Particle Dm(Iim) S

water (1) 10.477 1.6
water (?) 17.91P 1.4
dust (basaltic qlass) 0.5 2.0
soot (carbon) 0.2 2.n

Resul ts

Fiqures ?-5 to ?-R show the calculated broad-hand IR properties

for water clouds, dust layers, and soot layers as functions of the par-

ticle content (am cm-2) alonq the path. Fiqure 2-9 shows the broad-band

emissivity of a layer containinq a mixture of soot particles and water

drops (distribution 1) for selected values of the pw1p ratio. More com-

plete results for this case, includinq the transmissivities and reflec-

tivities, are qiven in Table C-4 of Appendix C.
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OPTICAL PROPERTIES OF PARTICULATE LAYERS IN THE VISIBLE

The formulas 2-23 to 2-36 have been applied to the calculation

of the optical properties of Darticulate layers at a wavelength of n.5 im

in the visible. The calculations were done for a water cloud (size dis- j
tribution 1) a dust (basaltic qlass) layer, a soot (carbon)-particle

layer, and a layer consistinq of a mixture of water droplets (distribution

1) and soot particles. For the size-distribution parameters shown in

Table 2-6, the values obtained from our Mie-code calculations for the

parameters Oa ss q K and a, required for input to the formulas, are

shown in Table 2-7. Also shown in Table 2-7 are the values for the real

and imaginary components of the refractive index (n = nR - inI) used in

the Mie calculations. For water, dust (basaltic glass), and soot, the

index values were obtained from References 2-20, 2-21, and 2-1, respec-

ti vely.

Table 2-7. Input parameters to optical formulas for A = 0.55 Pm. *

> riqures ?-In, ?-11, and 2-1? show the resultinq values of the -

wV S

ly.Fr h lyronitin +famitr ofso arilsan ae

4..#

*.'.droplets, results have been obtained for parametric values of the P / %

ratio and the optical deoth. These are shown in Table r-5 of Appendix C. Oe

The emissivitv results in this case, for selected values of the pw/Ps

ratio, are shown in Ficiure 2-13.
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SECTION 3

MODEL CALCULATIONS

THE BASIC MODEL

Most of the models we shall aiscuss in tnis report will consist

of two or three atmospheric layers over an earth which is assumed either

to be black or to have some significant albedo (the last case is for study

of the effect over snowpack). It is important to understand that within a

given layer only the optical properties of the medium are taken as

constant; the radiative fluxes and the temperature vary continuously

throughout a given layer. Before discussing these nodels let us consider

the case of a single layer which we shall take to be infinitely deep. We

shall assume that a flux of solar energy of intensity Z is incident on the

surface of the layer which we take to be z=0. If such a flux is incident

on a blackbody the body will reach an equilibrium temperature, TBB , given

by

TBB : (3-1)

where a is the Stefan-Boltzmann constant. We shall assume that the

medium in the layer is characterized by a visible opacity E s but that the

medium does not emit in the visible. We shall also assume that the medium

possesses an opacity ;I in the infrared and that the infrared radiation

consists of an upward flux, U, and a downward flux, D, since the -nedium

does not emit in the visible the solar flux is downward and we shall call

it S. The equations for the fluxes are

dS=_ S ? - )'] ' %

.,.,-~*...dz
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du = U - e UT4

dz
dz I

dD = a D + + T4

dz I I
2 a T4 = 1 (U+D ) + esS',",.;

In order to produce transport equations of this form, it is

necessary to assume local thermodynamic equilibrium, ignore scattering and

provide an ansatz for the angular distribution of the radiation. If the

radiation fields are taken to be uniform in angle over each hemisphere (up

and down) but possibly of a different amplitude (Eddington's approxima-

tion), the above equations result provided that e is interpreted as twice

the absorption opacity. The general solution to these equations (which we

shall need later) is

-F Z

S Ze s

A( 1 e ST(-Z+)+C

2 E

(3-3)

ID 1-A[I + -} e s + B(EIZ-1) + C1

2E

oT' 2 4 A, S _ I e-C S z + B Eiz + C1I Cs

where we have defined T to be aT4 in order to simplify the notation. The

boundary conditions for the problem at hand are

rlz~O

SlI~ = 0 (3-4)

7=37
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For the temperature we get

T + I + S- I)e-'sZ] (35)
2 e s E;I E

m-.' Many of the IR effects on the nuclear winter phenomenon can be

understood in terms of this equation. If EI = es we find that

4S

T 3 = TBB (3-6)

independent of z. If c > eI we find that at the top of the layer the ,%

temperature is hotter than TBB:

T z=0 = O BB "

Tj = JT 4  11+ C(3-7)

The tenperature decreases from this value as one proceeds into the layer *

asymptotically approaching a value less than TBB:

OT4 (3-3)TBB f1 ( s + _.

If E < the situation is reversed: Equations (3-7) and (3-8) are still

valid but they now predict that the temperature at the top of the layer is

less than T while the temperature deep within the layer is greater than
TB

In the normal atmosphere the solar absorption is small but there

is aporeciable IR absorption due mostly to water vapor; thus EI is larger
than cs and the stratosphere is colder than TBB while the earth's surface

38
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is warmer than TBB The essence of the nuclear winter phenomenon as it

has been previously reported is that a layer of soot is injected into the

atmosphere whereupon S becomes greater than cI; therefore the top of the

layer, which is at several kilometers altitude, becomes hotter than T3B

while the surface temperature may cool to near TBB or below (the reason it

is usually not below T is that the layer is not infinitely thick).
B..

Before considering numerical exanples we need a slightly more

complicated model so that the effects of the finite thickness of the

layers may be considered. We shall study the model shown in Figure 3-1.

Layer I is composed primarily of dust and water vapor and we shall assume

that it has a solar albedo, A,, an IR opacity of ei, with a total optical

depth in the IR of wl , and no solar absorption; such a layer is probably

there in realistic cases but its optional depth is probably not very

great. Layer 2 is the soot layer - the main component of the nuclear

winter phenomenon; we shall assume that it has a solar albedo of A2, a

solar opacity of s2 with a total optical deoth in the solar of 1, and

a ratio of e12/ES2 of a. Layer 3 is included in the model to represent a

possible rain-out layer which may or may not be present in realistic

cases. We assume it has no solar absorption but has an IR opacity of C

with a total depth PI, due mostly to water vapor. Under the third layer

is the surface of the earth which is taken to be a black body.

Within any layer the temperature and the fluxes satisfy Equa-

tions (3-2) and so have the general solution (3-3). A complete solution

is easily written down but the collection of formulae is somewhat

tedious. Here we shall study the behavior of the temperature at two

points: Ts, the temperature at the top of the soot layer and T the ten-

perature of the earth, the conplete solution can be found in Appendix D.

We have:
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DUE TO H20, CO2 ,'NO 2

LAYER 1
Al (Albedo): DUE TO DUST

LAYRE S12 DUE TO SOOT
LAYE 2 E DUE TO SOOT, H20, HYDROCARBONS, WATER CLOUDS

A2 : DUE TO SOOT-CLOUD MIXTURE

LAYER 3 (RAINOUT LAYER) £: DUE TO H120

EARTH (BLACK BODY)

Figure 3-1. Schematic of the simple model nuclear winter
which ignores convective instabilities.
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Ts = 2 (1-A1 )(1-A 2 ) L 1 + 1 + i (3-9)

-2 S2-LS

= + P + ( - e S2) + (1 + 0 e S2 (3-10)

Let us now look at some examples of using equations (3-9) and

(3-10). We shall assume that L is equal to the solar constant divided by

4: L = 3.5 x i05 ergs/cm 2 sec. If we assume that layers 1 and 2 are miss-

ing, that w& 1.3 and that the total albedo is .2 we obtain a temperature

for TE of 300K. This temperature represents approximately ambient condi-
tions in our model and should be used as a standard of comparison for

other temperatures we shall calculate later. Let us now consider a case

which closely resembles the NRC baseline scenario: we shall choose a to

be .25, the NRC baseline value for pure soot1 , i to be 2, the value

attained in the NRC baseline scenario for the time of the minimum surface

temperature; PI we shall choose to be .2 based on the assumption that

there will be a few times lO-3g/cm 2 of water vapor above the soot layer

and shall choose the albedos to be: A, = .1 based on .10-4 g/cm 2 of dust

and Fig. 2-11; and A2 = .04 based on Fig. 2-12. Equations (3-9) and

(3-10) give Ts = 340K and TE = 255K. We thus get a temperature for the

earth which is 45K below the ambient value and a temperature for the top

of the soot layer (which would have been at 237K under ambient conditions)

103K hotter than ambient; these results are in good agreement with the NRC

study.

Of principal interest to the present study is the variation of

these results with changes in the parameter cx. In Figure 3-2 we show a

plot of T and T as functions of a with all other parameters fixed at thes E
values we have just used. The values of a shown in the graph range from ,

.I to 5; according to the NRC the likely range of values for a due to soot

alone is .03 to 12. 'We believe that there will always be enough water
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Figure 3-2. The temperature at the earth's surface, TE,*~~
and the temperature at the top of the soot layer, T5,
plotted vs. a. Convective instabilities are ignored in these
calcul ations. .
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vapor present such that the value of ot for the mixture will not fall below

.1; to raise the value of a to something greater than one would require

the presence of absorbers which are more effective in the IR than they are

in the solar. The likely candidates for such absorbers are hydrocarbon

vapors, water vapor and condensed water (clouds).

By looking at Fig. 3-2 we can see that to make an appreciable

change in the temperature structure we must change a by at least .1 or

more; at the NRC value of .25 a change of .1 in a would lead to a 3K

change in TE and a 17K change in T s . For the NRC range of values for pure

soot (.I<ct<i) we see that the temperature of the earth ranges from 251K to

278K while the temperature at the top of the layer ranges from 413K to

272K. While convective instabilities, discussed below, will alter these

ranges, particularly the range for the top of the layer, somewhat, the

variation implied by the uncertainties in the properties of the soot alone

is substantial and studies to determine these properties with less uncer-

tainty are clearly warranted.

The information on hydrocarbon emissions given in section 2

along with the information on the IR properties of the hydrocarbons,

especially Fig. 2-3 makes it clear that hydrocarbon emission cannot change

c by an amount nearly as large as .1. The most important hydrocarbon is

probably the ethylene although the acetylene appears to be stronger in

Figure 2-3. The reason for the enhanced importance of ethylene is that

most of its emission lies in the window where water vapor is transparent

while the overlap between water vapor and acetylene will partly cancel the

importance of the acetylene. Even if we ignore any questions of overlap

we see that the total of all the additional hydrocarbons is only about

equal in IR emissivity to the ambient methane. To estimate the effects of

these gases on the temperature structure we recall that the optical depth

of the visible is taken to be 2. Since the soot and the additional hydro-

carbons came from the sane source (the fires) they ;nust be approximately

uniform y mixed. Thus we find that a is qiven by
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c, optical depth in the IR
2

The IR optical depth of the soot is .5; the change in a due to the hydro-

carbons is

= IR optical depth of the hydrocarbons
2

The IR optical depth of the hydrocarbons assuming no overlap is about

2x10- 2 which gives

hydrocarbons "01

The specific optical depths we have been using assume a particular distri-

bution of the soot and hydrocarbons over the earth's surface. and Aa
3'.

will, however, be approximately independent of this assumption since if

the hydrocarbons are concentrated due to patchiness the soot will be '

also. Even if there were to exist some mechanism whereby the hydrocarbons

were ten times as concentrated as the soot the effect of the hydrocarbons .,--.

would have only a marginal effect on the temperature structure. We con-

clude that the "greenhouse" effect of the hydrocarbons cannot significant- .,' .

ly counteract the "anti-greenhouse" effect of the soot.

Much the same situation is encountered in the case of CO2 as was

found in the case of the hydrocarbons. According to the discussion which

can be found in Chapter 2 the amount of C02 added to the atmosphere by the

fires is small compared with the amount in the ambient atmosphere. Fur- ....

thermore the ambient C02 is mixed nearly uniformly over the portion of the

atmosphere which is affected by the soot so the blasts and fires will not

cause an appreciable redistribution of the C02 . Thus the IR optical depth

of the C02 will be the ambient value of about .004 which is not enough to

change a by an appreciable amount.
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In the case of N02 it is the value of Pt' , rather than a, which

is most likely to be affected. Much of the NO2 created by the blasts will

be carried to altitudes where it will remain above the soot. Figure 2-1

shows that if the high altitude NO2 is distributed more or less uniformly

its contribution to P1  will be less than the contribution we have assum-

ed for water vapor by a factor of twenty; thus, even for relatively con-

centrated patches the N02 will not have a major effect on the temperature.

The question of the effects of water vapor is much more compli-

cated. One reason is that the water vapor has a much greater chance of

being important so we cannot perform a quick calculation and dismiss it.

Another reason is that the ambient water vapor is not uniformly distrib-

uted over the part of the atmosphere where the soot is found (it is con-

centrated at the lower altitudes) so the redistribution of the ambient

water vapor in addition to the addition of new water vapor must be con-

sidered. A final complication is that the absorption coefficient of

water vapor has a complicated behavior as a function of frequency across

the IR band whereas our simple calculations treat it as constant. To

correct this last problem we should keep more IR groups (the absorption

coefficient of water vapor can be well approximated by four IR groups)

which would considerably complicate our formalism. We shall instead

observe that optical depths on the order of one are the ones important to

us and water vapor has an effective absorption coefficient of about I

cm2 /g in this range. More complicated calculations using more than one IR

group have confirmed that this procedure is sufficient to our needs.

Estimating the amount of water vapor which will be mixed with

the smoke is a difficult problem. We first consider the water released by

the combustion process. According to the NRC most combustable materials

generate about 1 g-H20/g-burned; the emission factor for the soot is about

.02g/g. However, the absorption coefficient for the soot in the visible
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(2x10 4 cm2 /g) is 2x104 larger than the one we are assuming for water vapor

in the IR. Thus the increment in a due to the water of combustion is only

.0025.

While the water of combustion is not sufficient to significantly

change the value of a the atmospheric water vapor redistributed by the

fire plumes is much greater. The NRC estimates that a total of 40,O00OTg

of water would probably be drawn into the fire plumes with an upper-limit

estimate of 500,000 Tg. Since the estimate for the total soot content is

180 Tg these numbers correspond to changes in a of .011 and .14 respec-

tively. The latter number is just at the borderline where significant

changes in the phenomenon might be observed. Even if the smaller number

for the total entrained water is correct, which is likely the case, the
water vapor will undoubtedly be distributed very unevenly depending on the

particular location and also depending on the time of year of the event.

In spite of these reservations we believe that water vapor will not make a

*. significant impact on the nuclear winter phenomenon by causing an appre-

Ciable change in c. Even the extreme amounts of water vapor seem to fall

just short of being enough.

We thus come finally to the question of the possible effect on a.

of condensed water. For condensed water one problem we had for water- 6e-

vapor is removed: the strong dependence of the IR absorption coefficient

on frequency; the absorption coefficient of water clouds is quite constant

as a function of frequency. It does depend on the drop size distribu-

tion. For the size distribution of Figure 2-5 we find an absorption coef-

ficient of 890 ca?/g; for that of Figure 2-6 we find 730 cm2 /g; we have

seen values as high as 2.2x10 3 cm2 /g for naturally occurring clouds quoted

in the literature. We shall adopt a value of 800 cm2 /g for the moment.

If we take the NRC's estimate for the most likely amount of entrained

water, 40,000 Tg, we find a ratio of water mass to soot mass of 220. If
all the water condensed out we would find a value of a of 9. I
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We thus see that if any appreciable portion of the water

condenses out it will have a dominant effect on a. It will also have a

significant effect on A2 the albedo of the cloud-soot layer. From Table

C-5 we see that if the ratio of water to soot is 200 to I the albedo will

be about .26 while if it is 100 to I the albedo will be about .18; if the

ratio is 50 to 1 which would correspond to a value of a of about 2.5 the

albedo is about .12. (Note that the optical depth shown in the table is

for scattering and absorption; we are interested in an absorption optical

depth of 2 which requires about 10- g/cm of soot.) In Figure 3-3 we plot

Ts and TE as given by Equations (3-9) and (3-10) using the value of A2
given in Table C-5 (recall that convective instabilities were ignored in

deriving these equations).

Water clouds, if they are present, have the potential to play a

dominant role in the nuclear winter phenomenon. Furthermore clouds typic-

ally do form in fire plumes and once the cloud forms its presence keeps
- the top of the cloud cold which keeps the cloud there. We believe that

the calculations just presented indicate that water clouds cannot be

iqnored and warrant further study; their temperatures given in Figure 3-3

cannot be considered realistic due to the fact we have ignored the effects

of convective instabilities. Convective instabilities will be triggered

once a becomes greater, than 1 by any appreciable amount (something less

than 1.2 for typical conditions). Having convinced ourselves that a

might be raised to such values by the presence of clouds we shall now

proceed to incorporate convection instabilities into our calculations.

THE EFFECTS OF CONVECTIVE INSTABILITIES

Up to this point we have been ignoring the fact that if the

derivative of the atmospheric temperature with respect to z (recall that

we are taking the direction of positive z to be downward) exceeds some ,'1

value the lower hotter air will rise spontaneously and convection will set
in. We shall take the critical value for, the derivative to be 7K/Km, the
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dry adiabatic lapse rate, and shall not in this report attempt to correct

for condensation.

From the formula which gives the temperature in the cloud-soot

layer (Equation D-2) we calculate the derivative of the temperature in

that layer to be:

.25 6 -
1 e5

dT (I-A) ) (1-A2_ _
/ 25 (3-11) V.

z - 1/ 4 ( 3 - 1 ) 3.4.LL I  - o,)e-'S2 z  + 1+o,+P l V.

O4.

where z is zero at the top of the cloud-soot layer and increases as we
- proceed deeper into the layer. The maximum value of d-. is at z=O where

* the value isdz

256 c '-1
dT (I-A,) (1-A 2 ) 1/4 25__ S2 __ -?,= 3I J1/4 (..3..
d z=0  2I + 1 + i j ;'."

OL
.4'4. . -

•

If we assume that the total optical depth in the solar of 2 is spread over

4 Km of altitude 6 will be .5 Km-1. For typical values of the other" S2

parameters we find that the temperature profile will be unstable for

values of a greater than about 1.2. For a value of a of 4 the region

z<3.2 Km has a qradient larger than 7K/Km.

The details of the way the unstable temperature profile is

relieved by convection to become stable will depend on the way in which

the instability develops and on the character, of the atmosphere above the

cloud-soot layer. Under the assumptions we have been making the tempera-

ture in layer I is nearly constant so that layer is quite stable.

. If the cloud-soot layer mixes with the air above it the value of

u would remain unchanged but the individual opacities, s and elz would
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be reduced; that would lead to a smaller gradient in the temperature and a

more stable profile as can be seen by examination of Equation (3-12). If

the convection is confined to occur entirely within the cloud-soot layer

the values of o and the opacities will be unchanged. Since our goal here

is to estimate the potential effects of the convection on the temperature

profile, and the assumption that the convection takes place entirely with-

in the layer will provide the maximum effect on that profile, we shall

assume that the convection takes place within the layer.

We seek a solution of the form shown in Figure 3-4. At the top

of the cloud-soot layer there is a convection zone in which the tempera-

ture gradient is 7K/Km. Below the convection region are stable layers of

the type we have been studying. The solution to the problem will be .' 4
determined such that the depth of the mixing layer is the smallest it can

be and still allow us to satisfy the following requirements: the radia-

tion transport equations are satisfied in all regions; energy conservation

is produced by a physically realizable convective flux in the convection

zone. This last requirement amounts to insisting that the convective flux

necessary to conserve energy in the convection zone must vanish at the top

and bottom of the zone.

In addition to the solutions already obtained we shall need the

solution to Equations (3-2) except with the last of these replaced by the

specification of the temperature gradient:

dS E_ S

dz S2

dU= U - T4

dz 12 12

(3-13)
CT Y 12 12

T Tu + oz
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MR

LAYER 1 SANE OPTICAL PROPERTIES AS IN FIGURE 1.

CONVECTION REGION
SAME OPTICAL PROPERTIES

AS LAYER 2

CONVECTION-FREE REGION SAME OPTICAL PROPERTIES

OF LAYER 2 AS IN FIGURE 1.

• I..o

LAYER 3 (RAINOUT LAYER) SAME OPTICAL PROPERTIES
AS IN FIGURE 1. ' -

-. .-

EARTH (BLACK BODY)

Figure 3-4. Schematic of the model nuclear winter with a

convection region at the top of the cloud-soot layer.
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where To is the temperature at z=O (the top of the cloud-soot layer) and
we shall take 6 to be 7K/Km. We define a new independent variable to be

y = To + z (3-14)

which is just the temperature. The equations become

* dS £S 2

dy

dU e12 U 12 y' (3-15)

dD - £12 D + 1 2

The general solution to these equations is

E To -C
TO  

'5
S 2 S 2 $ 2

-- y
6 -E z

S (I-Al)(1-A2 ) E e e = (1-A 1 )(1-A 2 )Y e S2

5"''.."

U y4 +4 . y3 + 1? y + 24 L y + 24 (-.---)J + C1 eL 12
£12 £12 £12 £12

(3-16)

4 4 --+ ++ C2 eE12Z
E12 12 1212 1

Let F be the flux of convective energy in the convection zone. F must be

zero dt the top of the cloud-soot layer and at the bottom of the
convection zone. The conservation of energy requires .-

*% %

E S + E (U+D)= 2 T + dF (3-17)
s2 12 12 (3-1..
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F is negative throughout the convection zone and is approaching zero at

the bottom of it. Therefore dF must be positive or zero at the bn"nm of'I.
dz

the zone. The radiative. fluxes are continuous at the bottom of the zone
so if LF is not zero t must be discontinuous there and must be colder at

dz
the bottom of the convection zone than at the top of the convection-free

region beneath it; a situation which is unstable. To achieve a stable

atmosphere we must therefore have F equal to zero at the bottom of the
dz

convection zone which is equivalent to having the temperature be
continuous there. We now have five conditions which must be satisfied in
the convection zone: the continuity of the fluxes U and D at the top of
the zone; the vanishing of F at the top and bottom of the zone; and the
vanishing of LF at the bottom of the zone. The unknown parameters asso-

ciated with the zone are the temperature at the top of the zone, To, the
constants C1 and C2 in Equation (3-16), the constant of integration which

appears when we integrate Equation (3-17) to solve for F, and the depth of

the layer. The solution is therefore determined; we do not have the
freedom to impose stability criteria on the layer under the convection

-', zone and we must concern ourselves with whether or not our solution will

have a stable temperature gradient in that region. We have shown above
that the largest temperature qradient in the convection-free region will k-

occur at the interface with the convection zone. Differentiating Equation

(3-17) with respect to z we find:

E dS + e VU + dj 2E d, d2 F (3-18)
S2 dz 12 dz dz I2 dz J-

which we can use Equation (3-13) to rewrite (3-18) as: 4-.

2 S + CZ (U - D) = F (-Fs I I - (3-19) -.

• .+
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The left hand side of this equation is continuous across the interface. F

is negative throughout the convection zone and both it and its first

derivative vanish at the bottom of the convection zone; therefore the

second derivative is either negative or zero at the interface. We thus

conclude that the gradient of the temperature at the top of the

convection-free region is less than or equal to that in the convection

zone which is stable by construction so the entire cloud-soot layer is

stable.

The radiative fluxes in the convection zone are given by Equa-

tion (3-16). We can use Equation (3-13) to rewrite Equation (3-17) as

dF = d ( S + U D) (3-20)
dz dz

which gives

F: - S + U - D + C3  (3-21)

where C3 is an integration constant. To simplify the notation we shall

assume that EI, is zero and shall include the albedo of layer 1 into that

of layer 2 by defining A = (1-Al )(1-A 2 ). The boundary conditions at the ." -

top of the cloud-soot layer are then:

a LT0 + 4 __. To3 + 12 2 .__JT0
2 + 24 4 T +24 .. &_.jj + C A

E: F_

12 12 12 12

o LT,- 4 to3 + 12 L T 2 - 24 3 To + 24 _..&JJ + C2 = 0
12 12 12 12

(3-22)

3 4-AL + 80 L - To' + 6 -- TO] + C1 - C2 + C3  0

12 12

54 '

5"-.'.'./K"--'.-'<' "."--',: -',"..-.;.-.4 . .-"- - -i-" " - --- -- :-" i. i..- . .. -.-.-- 1'-i- .G'.I :-1.- -- )'-- -- :.-. .'--'--"; Z'.'4 -



- ~ ~. ~-r- _JR- k 1- rp n . P W MY. - -ff -OF~ rXp, 7MI W ULr '~A n M- M ~ - ,M -M-M W -. ...PWWNT 3Ur1

These equations determine that C3  0 0. The boundary conditions at the

lower boundary are: .JI

-Are S2 + a L8 . (To + 6d)3 + 24 3LJ (To + Sd)j

12 12 .1

FCie d ~ E d s+ C, e 12 C2 e 12 0

(3-23)

-d 2
A e S2 + E L 24  (To + 0d)2 + 48 ( _L-) I

S2 12 2 12 -
12 d - 12

E; + , E2 + 1 2 d + + 6 1 C2 e -E0 12.d .
-- 12 e122d p

In these equations d is the depth of the convection zone. By observing .

that To will be large compared with ..L one can derive the following

12
approximate solutions to these equations:-.""

9%%

T= TB -E

" 12
* (3-24)

d- 1 in T__+
2', ~6 TBs + E;~S2 B(12 S2

where we have defined

TB L.

We have solved the transcendental Equations (3-22) and (3-23) numerically

and find that the approximate solution (3-24) is adequate for our needs,

using Equations (3-24) Equations (3-22) provide the values of C1 and C2.

The solution in the convective zone povides the boundary

conditions which determine the solution in the layers below it; the full
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solution is given in Appendix D. Here we shall focus our attention on the

temperature at three points: the top of cloud-soot layer as given by

Equation (3-24); the temperature at the bottom of the cloud-soot layer,

which we call T and which is given by
L

12- S d vJ-.-
T= - +2o(T0 + u + d + A 12 _ )Le S2  -e s2jj , (3-25)

2S2 2

and the temperature of the earth, T given by

TE = L2a(To + Bd) 4 + N 2 -1 2 e S2 +e- S2 1 p -

E 2 13 S 3-26)
S2 12 S2

These three temperatures are shown as functions of a in Figure 3-5 with

the assumption that the cloud-soot layer is distributed over 8 Km of alti-

tude.

Comparing the results shown in Figures 3-3 and 3-5 we see that

the effect of the convection has been to raise the temperature T and
5

lower the temperature TE. The reason we do not show results for values of

a gredter than about 5 is that for higher values the depth of the convec-

tion zone, d, becomes larger than the 8 Km we have assumed for the total

depth of the cloud-soot layer. Calculations for these cases would require

an extension of our methodology. The temperature profile from the top of

the cloud-soot layer to the earth's surface is a stable one. The inter-

face between the top of the cloud-soot layer and the air, above it is prob-

ably unstable. The temperatures at the layer top dre around 250K; the

temperature just above it is probably somewhat less since the top of the

Slayer is at dn altitude of =9Km. If this instability is present it will

cause the top of the layer to rise which in turn will cause the top of the

layer to become colder' dnd will increase the surface temperatures. Thus a
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Figure 3-5. rhe temperature at the earth's surface, T~la hE9a5htop of the cloud-soot layer, T ,and at the bottom~ ofthe cloud-soot layer, T 'Plotted vs. cA assumingconvection within the c'oud 
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. temperature profile between that predicted by ignoring convective

, instabilities and that we have calculated by allowing convection only
within the cloud-soot layer may be expected.,

r. Another somewhat unrealistic feature of the present calculations

"is seen in the results for T L9 the temperature at the bottom of the cloud- "

Ssoot layer. This quantity is seen, in Figure 3-5, to range from 290K to

~~310K; it is unlikely that there will be sufficient water to maintain a "

w ~condensation cloud to such high temperatures and we should assume that the "

" cloud disappears at some temperature which depends on the amount of water

• ~present. When the cloud disappears the value of a will change dramatical-,. ,-,

ly, probably falling below 1. Our present methodology can allow for such,"

an effect but we shall postpone such calculations until a more realistic '

• _. treatment of the interface at the top of cloud-soot layer has been devel-

poped.

temsoudperature profileteomarso between that prdctdbfinrngcnectv

of the cloud-soot layers we have been studying and those of naturally

occurring clouds It may seem strange that either a soot cloud or a water

cloud would cool the surface while a mixture at the two would warm the
surface. The source of the effect is thie 3-5, in the albedos of

water clouds and cloud-soot mixtures. Water clouds as heavy as those we

have been studying would have albedos in the solar of .8 or more; the

presence of the soot lowers this to about .2. Thus while the presence of

naturally occurring water clouds leads to an increased IR opacity for the ".-.

atmosphere, which tends to raise surface temperdtures, the high albedo of

the clouds tends to lower temperatures throughout the profile; the net

effect is slightly lower surfaace temperatures. The presence of the soot

.'T.?

mixed with the cloud allows for the presence of high IR opacity without a

high solar albedo. fedeo
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NUCLEAR WINTER OVER SNOWPACK

The nuclear winter phenomenon is always warming for the surface

if it occurs over snowpack. By this we mean that the snow will ultimately

absorb more of the solar energy directed at it if there exists a soot

layer, with or without an accompanying water cloud, than it would under

clear sky conditions. The reason for this is as follows: the absorption

of solar energy by the soot ultimately results in a downwardly propagating

IR-flux. The magnitude of the IR flux at the surface depends on the opac-

ity structure of the atmosphere but, as we shall see below, it is at least

one half the value of the absorbed solar flux. The albedo of the snow in

the visible is .8 or more while the snow is very nearly black in the IR.

Thus more of the solar energy will be absorbed by the snow if it is first

absorbed by the soot than if it propagates unimpeded to the surface.

To study the effect over snowpack we must allow for an upward as

well as a downward solar flux. We call these respectively SU and So .

They satisfy the equations

dSo =

dz sD
(3-27)c "

dS U ,.-._,

dz s U

All of Equations (3-2) remain valid except the last which becomes:
.. .-sS u+S ) + C 1 U+Dj - 2E It 0 (3-28)

the general solution to the system is

S A e s

(3-29)

SU = B tsz
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-6 Z 6 Z

U = 1 (1-a)A e s 1 (I+a)B e s + C(z+l) + E
2 2

-6 Z 6c Z P'P

D = l- 1,a+)A e s + I (1-c)B e s + C(z-1) + E
2 2

-6 Z 6 ZI

T 1o,_ (jLA e- s + B e s ) + Cz + E

where A, B, C and E are constants. We shall consider the same model shown

in Figure 1, with the same values for the parameters we used earlier,
except that we shall assume that the earth has an albedo to solar radia-
tion of .8. The solar fluxes can be solved for independently of the IR

fluxes; the solution is given in Appendix D. Here we shall concentrate on

the temperature at the surface. The temperature with all the layers

present is given by:
-Ii ~•-I.' -

+(~I)SD -S czL~l-e S5S2 U~ ..
+E ) e S e s2 ) + u+ (l-e s2)S

E 3 D 3 D3 U31-

(3-30)

2 S2

where S = -(I-AI(I-A2 + (1-Al)(I-A 2 )2 AIA e 2

D3 -2P,-.

1- A2 Ae - Ai A(1-A2 )e s2e e

-2P ..

S tj L A, + A2- AIA2 + (I-A,) (I-A2 )2 Ae e S2 (3-31)
t5 -2 (3231)

2S2

SN = I 11-Ai A2 + AiA2 (l-AI) (1-A2) A e e- '

1- A2 A Ai Ae(I-A2)e se e
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where A is the albedo of the earth.e

To render these expressions somewhat more transparent we shall assume that

layer I is missing (it does little anyway) and that A2 is zero (it is

always small and is very small for a soot layer with no water cloud). We

get

-2w V2
S2 -sP S2

(i-A e + (1-A )(l+p e + (1-e )(1+A e )-
E ~e e 13 e (3-32)

For clear sky condition we get

EC (1-Ae)Z (3-33) -,

The change is thus

-2p -P -2p
AT =1 L t(1-e 12{(2A -1) + a(l+A e + P e(1-Ae)e (3-34)

E 2e e )+ 131Ae 3(-4

As long as A >.5 AT is always positive, even i f a and p are zero.
e E 13

Perhaps a better comparison is between the conditions with layers 2 and 3

present (the nuclear winter condition) with those for layer 3 alone (the

normal troposphere). For that case it is not quite guaranteed that the

soot cloud will lead to warming although it will be for most conditions

expected to be encountered. If only layer 3 is present we get

Coprig thi (I-A) L2 +~1  (3-35)

Compdring this formula with Equation (3-32) we see that

AT ( L(l-e -  S2) 2 1Ae 1  l-Ae) + c(I + Ae e S)J (3-36)
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This quantity is positive unless a is very small and pI is very large.
13 i eylre

The reason that AT can be negative is that the soot layer reduces the

effectiveness of the tropospheric layer. In spite of this AT will be

positive unless PI1 is very large (greater than 3) and a is near zero. If

a water cloud is present along with the soot it will probably melt the

snow; if we assume that the optical depth in the solar is 2, Equation

(3-32) predicts melting of the snow if a is greater than .77. Thus even

if the effective solar flux is considerably below our assumed value, which .

will probably be the case since we are presumably dealing with winter con-

ditions or quite high latitudes, the values of a associated with soot-

water cloud mixtures would in most cases be high enough to melt the snow.

The importance of the fact that the nuclear winter phenomenon is

warming over snow pack is difficult to access. The fact that the regions

of snowpack will be warmer than normal might alter normal circulation pat-

terns. Whether that would occur and, if it did, what the consequences

would be are questions beyond the scope of the present study.

.4.
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SECTION 4

CONCLUSIONS

The principal conclusions of the present study pertain to the

possible importance of various IR radiators on the nuclear winter phenom-

enon. We find that hydrocarbons, C02 and NO2 will not have a major impact

on the phenomenon. Water vapor will have at most a marginal effect on the

temperature profile if convective instabilities are ignored; water vapor

may be important to the development of the instability which will exist at

, the top of the soot layer if no condensation cloud is present. Condensed

water has the potential to play a major, perhaps dominant role in the nuc-

lear winter phenomenon.

If water clouds are present at late times they will probably

alter the entire character of the temperature profile, changing it from

one which is hot at the cloud top and cold at the earth's surface to one

which is cold at the top and hot at the earth's surface. The amount of

water needed to produce such clouds is well within the bounds of what
might reasonably be expected to be entrained into the fire plumes. If a

cloud exists at the top of the soot layer the temperature is cold there

and the cloud tends to persist. If the top of the soot layer is cloud-

free the temperature is hot there and clouds will form, if at all, only at

lower altitudes where they have a much smaller effect on the temperature

profile. This hysteresis effect greatly complicates the analysis as to

whether or not a condensation cloud will be present. To analyze the prob-

len one must calculate the development of the plumes, many of which will

be cloud topped, some of which nay not be, as they spread and merge to
form the hemisphere-wide layer. The condensation clouds will probably
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affect this merging process. If they survive to later times they may have

a profound effect on the phenomenon. The models we have described in this

report form a framework in which one may think about the problem and they

provide a starting point from which to develop the much more detailed

calculations which will be necessary. Performing sufficiently complete

calculations in the necessary detail presents a challenge.

".'- -,
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APPENDIX A

BROAD-BAND EMISSIVITY FOR OPTICALLY-THIN BANDS

If a band model, or the spectral absorption coefficient for an

infrared molecular band, vi, is unavailable, but the integrated band

intensity, Si, is known, then one can still obtain the broad-band

infrared emissivity for the band in the optically-thin case. This is

easily demonstrated as follows.

If e (v) is the spectral emissivity of a layer at wavenumber -
within band vi, and B(;) is the Planck function, then the broad-band

emissivity for the band is defined as

f Pi(v)B(v)dv
-. = band (A-i)

I B(v)dv
* 0

But (v) is related to the spectral transmissity, T (v), by the relation
* 1 i

. 1 - T.(v) . (A-2)
1 1

However, in the optically-thin case,

Ti(v) e k U  1 - kiU (A-3)

where kv is the linear absorption coefficient (atm- cm- ) for band vi"

and U is the path length (atm cm) throuqh the absorber. Thus, in this

case,

.. . . . .
S..0-



i kU . (A-4)
1 V

Consequently, because the Planck function generally varies slowly over a

molecular band, we can write

f e.(v)B(v)dv R(i)II f k;dv (A-5)
band band

where V. is the band-center wavenumber. Furthermore, by definition of the

inteqrated band intensity,,'--

Si  f k-)dv (A-6) G'
band.

and we thus obtain, from Equations A-I, A-5, and A-6,

B(v.)S.U-- B'(vi)SiU (A-7)" ""

f R'(v)dv
0

where

B'(v) - (A-8)
e1 "4 35v/T  -  .....

Rut, inteqration of A-P yields
'.-A ..'.

f R'(v)dv 1.53 T (A-9)

0

and so

454

-. - 1.53 B'(vi)SiU/T (A-10) ,,-,-
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U
APPENDIX B I

BROAD-BAND EMISSIVITY FOR TWO SPECIES WITH OVERLAPPING BANDS

If we have a layer composed of two different species whose

absorption bands partially overlap, then the broad-band emissivity of the

layer is less than the sum of the broad-band emissivities for the indi-

vidual species. This result is proved as follows.

Let Tl(v) and T2(v) be the spectral transmissivities for

species 1 and 2, respectively. Suppose that an absorption band for

species 1 lies between wavenumbers 0 and V2 and, for species 2, an -i'

absorption band lies beyond wavenumber v1 , where V, < v2 . Then, for

0 < v < vj, only species 1 absorbs; for vt_< V < V2, both species absorb;

for v > v2, only species 2 absorbs.

For simplicity, define a normalized Planck function, B(;), 
such

that

f B()dv=1 (B-I)

0

Then the broad-band transmissivity of the layer, composed of the two

species, is defined as

o
.' g = T,(V)T2( )9( )d (-),

% 
0
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But, considering the absorption regions described above, Equation B-2 canI

* be written as

Vi V2

T fTI(v)B(v)dv + f Tl(v)T2(v)B(v)dv + f T2(v)B(v)dv (B-3)
0 

V

If T1  is the broad-band transmissivity of the layer if only species 1

were present, and T2 is the transmissivity if only species 2 were

present, then

T= f T1(v)B(v)dv
0

V1  V2 C

f TI(v)B(v)dv + f TI(v)B(v)dv + B (\u)dv (B-4)
0 V1 V 2

and
00.

T2 f T2(V)B(V)dv
0

=IT()B(v)dv + IT2(v)B(v)dv + f B(v)dv(-)

V1 V2  0-

Equations R-3 to B-5 can now be combined to yield

V 2  V 00

T T= + T2+ f 1T1(V)T2( V)-Tj(v)-T2(V) R(v)dv - R(v)d\v - r B(v)dv

V0 V 2

(R-6)
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But, since

TIT 2 - T- T2 : (1-Tl)(1-T 2) - 1 , (B-7)

and, in view of the normalization R-1, Eauation B-6 can be written as

V2

T = T1 + T2 - I + f [1-T(v)][1-T2(v)]R(v)dv (B-8)

V

Eauation 8-8 can be expressed, alternatively, in terms of the broad-band

emissivities, by noting that both the spectral and broad-band emissivi-

ties, e, are related to the spectral and broad-band transmissivities, T,

through the relation

:1 - T (B-9)

We thus obtain the result

V2
I+ "2- E 1 (v)E 2 (V)B(v)dv (B-10)

Vi .-.

where T- and C2  are the broad-band emissivities of the layer with only

species I and 2, respectively, present.

This proves that the broad-band emissivity for the mixture is

less than the sum of the individual emissivities by the average cross

product of the two emissivities in the region of band overlap. Although

we have made no attempt to prove that this result is valid for an arbi-

trary number of different species, we see no reason to doubt that when

band overlap occurs, the broad-band emissivity is always less than the sum

of the individual emissivities.
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APPENDIX C

TABULATIONS OF OPTICAL PROPERTIES

Presented here are tabulations of the complex index of refrac-

tion, especially for the infrared (IR) region, used in the Mie-code calcu-
lations reported in Section 2. Detailed tabular results are also pre-

sented of the emissivity, transmissivity, and reflectivity of sooty water

clouds, both for broad-band IR thermal radiation and for visible (X = 0.55

Pm) radiation.

Tables C-i to C-3 give, respectively, the real and imaginary

components of the complex index of refraction (n = nR - inl) for water,

dust (basaltic glass), and soot (carbon). Table C-4 gives the broad-band

IR properties of sooty water clouds for parametric values of the water-to-

soot density ratio, pW/pS, and the cloud thickness U(gm cm-2 ). Table C-5

gives corresponding results for radiation of wavelenqth 0.55 Pm, and in-

cludes as well the optical depth, T, of the cloud. The log-normal distri-

bution parameters used for Tables C-4 and C-5 are those for water (1) and

soot shown in Table 2-6 of Section 2. In all cases the temperature was

taken to be 250 *K.

7l.
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Table C-1. Complex index of refraction values for water (Reference 2-20).

Ai

( .m) nR n (im) nR nI (Wm) nR nI

0.200 1.396 1.10 2.85 1.149 0.185 6.6 1.334 3.56-2

0.225 1.373 4.90 -8 2.90 1.201 0.268 7.0 1.317 3.20-2

0.450 1.337 1.02 -9  2.95 1.292 0.298 9.0 1.262 3.99"2

0.475 1.336 9.35 -10 3.00 1.371 0.272 10.0 1.218 5.08-2

0.500 1.335 1.00-9  3.10 1.467 0.192 11.5 1.126 0.142

0.725 1.330 9.15-8 3.15 1.483 0.135 12.0 1.111 0.199

0.750 1.330 1.56 .7  3.2 1.478 9.24-2  12.5 1.123 0.259

0.775 1.330 1.48-7  3.7 1.374 3.60 -3  13.5 1.177 0.343

0.800 1.329 1.25 -  3.8 1.364 3.40 -3  15.0 1.270 0.402

0.925 1.328 1.06 -6 3.9 1.357 3.80 -3  17.5 1401 0429

0.950 1.327 2.93-6 4.6 1.330 1.47 -2 28 1.549 0.338

0.975 1.327 3.48-6 4.7 1.330 1.57-2 30 1.551 0.328

1.00 1.327 2.89 "  4.8 1.330 1.50-2 32 1.546 0.324

1.20 1.324 9.89-6 5.2 1.317 1.01 2  38 1.522 0.361

1.40 1.321 1.38 -4  5.3 1.312 9.80 "3  40 1.519 0.385

1.60 1.317 8.55"  5.4 1.305 1.03-2 42 1.522 0.409

1.80 1.312 1.15 -  5.8 1.262 3.30 -2 50 1.587 0.514

2.00 1.306 1.10 -3  5.9 1 248 6.22-2 60 1.703 0.587

2.20 1.296 2.89 -4  6.0 1.265 0.107 100 1.957 0.532

2.40 1.279 9.56 -4  6.1 1.319 0.131 150 2.069 0.495

2.75 1.157 5.90-2 6.2 1.363 8.80 -2  200 2.130 0.504

2.80 1.142 0.115 6.3 1.357 5.70 "2
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Table C-?. Complex index of refraction values for dust (basaltic qlass)
(Reference 2-21).

nR  nx 10 nR  nlx 103  nR  n 1xI0

(uM) (UM) (UM)

3.u 1.52 0.47 11.0 2.2 570. 20.5 1.57 770.

3.1 1.52 0.44 11.5 2.11 340. 21.0 1.66 840.

3.15 1.52 0.42 12.0 2.01 230. 21.5 1.77 890.

3.2 1.52 0.41 12.5 1.93 180. 22.0 1.89 910.

3 1.52 0.35 13.0 1.87 160 22.5 2.00 890.

4.0 1.50 0.37 13.5 1.81 140. 23.0 2.10 850.

1.50 0.53 14.0 1.77 140. 23.5 2.18 790.

5.0 1.46 1.5 14.5 1.72 140. 24.0 2.24 730.

5.25 1.46 2.7 15.0 1.68 140. 25.0 2.31 590.

1.4 20. 15.5 1.65 160. 26.0 2.33 480.

6.5 1.36 32. 16.0 1.b1 180. 27.0 2.32 390.

7.0 1.3 52. 16.5 1.57 210. 28.0 2.31 330.

7.5 1.21 89. 17.0 1.53 24u. 29.0 2.29 280.

8.0 1.11 170. 17.5 1.50 290. 30.0 2.27 240.

-8. 0 .8 340. 18.0 1.47 350. 35.0 2.20 140.

9.u 0.96 7uu. 18.5 1.45 420. 40.0 2.15 97.

9.n 1.26 f1G . 19. J 1.45 500. 45.0 2.12 75.
i0 .9 ,(.19.5 1.46 590. 50.0) 2.11 61.

10.5 Z. 4 94u. 20.0 1.50 690.
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Table C-4. Broad-band JR properties of sooty water clouds.

0 / H 20 2) so t 2
H20 soot (g9n cm2 ) (am cmr2  Emissivity Transmisslvity Reflectivityr

0 10001'E-06 1. 0002E- 03 7.91E-_01i 1 * 791-0 2. q2 E- 02

.IflAZ41 4 20 .0E-02 2 45Y. . .E-02

C. i-0 1. 00E -045 1 . 002-01- M .3E-1 ?.472-Z 2. 6-02

-0 3 5,-OOOE-04 5.00O0E-02 9 " .s9E-0 1 ?.T32E.0D 10 E- 02 A
0 0,Et-0? 1.0 0E- 03 1 . 0 0 02+-0 1 .9 2-0 1 4i>'-0'7 'u20

.2002-03~5 2,0E3 200'00 9.699-01 3%~CI '0
.0020 4 .0- 0 4 1. 0002+00 9?.699E-01 42 .4E -20 "112E-0

* 0- 0 3 2±0 0OOE -03 2.000E+00 9.69E-01 23.132-"23 i 1E -0)2

* 00-3 .00-02 41.0002')+01, 9.6992-01 S017490200I E -0 12.

1.00-0 05OOE-02 5.0002+01 9.6992-01 2.,000E29 2-1iE-02

.OE -03 z7.000E-02 1.000E+01 Q.92-01 . 0 ,0E+ 3. 01!E-.2

* .0002E-03 SOOOE-0l S.00OE+01 9,699E-01 0.OOOflflCl -3.0112-02 11
-. 02+OOE-0 I.0O2O+02 6 9 ~E - 01 0'ct 3.011E-01

000OE-03 .0E0 .OE0 .9E-1 1O--0 31!E--

1.0002-02 .0002-06 I.OO02-04 2.261E-01 .C E- -)1 1 .301E-02
.00-2 5.000E-06 5.0002-04 6,416E-01 3 . SO2. 33'-02

I .0002-02 1 ,000E-05: 1.-D00-03 - ,%2-0 1 ' -,- 2.486E-02

± .0002-02 5.0002-05 57.0Q( -03 9.21'4E-01 5!3- 2. tiSE-02

1.0002E-02 1.0002-04 1.000E-02 22.LO-01 2 A- -0 2.- -'52-02

130002-02 5,0002-04 5.00- 9, 0'ECl91FA 2

i .0002-02 1 .0002-03 1 .OOOE-01 9 1I;oE-0i 2,714E-03 2. 0 28E-02

* .0002O-02 2,0002E-03 2.000E-01 '032-0l _: ' .930E-02

1 00-2 4.0002-03 4.0002-21) 9,707E-0: E- - 2.9302E-02

v00E2- 02 6.0002-03 6.00020'i 9.7,:7E0l 2. 00E02

Q 0E2- 02" 1.000-02 1 .,J00+00 9 727-01 .2nE1 0 2, 730E-02

1.0002C-02 5.0002-02 5 .000E+00 9 .7'2-01 C-'-1FA\', 3v -

-. I.000E-02 I. 0002-01 1. 0002+01 '7010 0. )2+-' E. ?E-0 2

C0 00E-02 5.002 E-0 1 S 10E2+ 0 w 2.-0 3 E,,f -7C, 2

002- 02 1.000E+00 1.0002+0' 9.0EO 0SM- 0 0 E +-)2- E' 2. 3 - 2

;',COE-()01 1 . 0) 0E-06 1 000.775 TE-02 ' '7E-21 1.064E-03

1.02-1 500-D2-06 j.K E -0 I00 ~40--0- 32. 1312E-03

1.E0-0 .02-C' 5 100- 2-32-C 7. e4 5E- 1 .- 0

-1 5.000E-0 )E 0 C. 04 .C9 E 1 '. 1 OE' 2.369E-02
0 Cr 120 .3-0 ID3 . 2 '53-E

* Ir., 5'.0_E-04 r 6- 1 ~,1F i ' 17..l'14

E .I c. 1 . 565E ,7E-o

6 E -~ 0 1 ' )0-0 I - 41J.83E -, 1 900E-02

N .1 1 ':02'2
6 )OE-) 1,E--K'i .302E-0 2

S 2 - 0 O'02 1 '%-1 2,302E-02

V.E .

~- ri 4 . ,

+ .YaZ E' 2 v



Table C-4. Broad-band IR properties of sooty water clouds (continued).

U so

~H20' soot (gn cr2 ) (am Cm2 ) Eiissivity Transinissivity Reflectivity

5.0002-01 1.000E-06 2.0002E-06 6 .254E-03 9 .973E-01 4.361E-04t
5.0002-01 5.0002-06 1.3002-05 3.0-782-02 9.67!E-01 2,O922-03
5.0002-01 1.0002-05 2.OOOE-05 6.03152-02 9.357E-01 73.97E-03
5.000E-01 5.0002-05 1,0002-04 2Z.5942-01 7,.247E-01 1.3542-02

*5.0002-01 1.0002-04 2.000E-04 4.3632E-01 5.4412-Cl 1,966E-02
*5.0002-01 5.000E-04 1.0002-03 8.641E-01 1.095E-01 72.640E-02 .-o

5.OOOE-0l 1.0002-03 2,000E-03 ?.362E-01 31.6161E-02 2,7212-02
7.-2-1 20002-03 4.0002-03 ?.631E-01 ?.350E-07 2.7'11E-02

.0002-01 4.000E-03 8.000E-03 9.7 142E--01 1 0E -" 2-'552-02
-V-Ol 6.000E-02 1.200E-02 9.23-0 5.420 .75-02

0 '0 E - C1 1.0002-02 2.0OOE-02 -1724E-01 2.364120o 2.*"'5202
~00~ 5.CC. ,00C-,I2 1.000-01 9.724E-0I 1.'71E-23 2 .77,:2-02
'002E-01 1.0002-01 2.OOOE-01 ?.724E-01 0.OOOE+)0, 2.755E-02

5~20 5-000E-01 1.0002+00 9. 724E-01 O.O002tO00 2'. 'E-02
)t2OO-01 1.0002+00 2.000E+00 9.724E-01 0.00,)2±0') 27'S5E-02

1 %02+00 1.*000E-06 1.0002-0.6 3.572E-03 .Q2-1 2!-4
1.000E+00 5.000E-06 5.0002-06 1.771E-02 9.8112-0 '4 ' ISE-03 0 -

1.002+00 1.000E-0O5 1.000E-05 3.5042-02 9.2-'
1.0002+00^ 5.0002-05 5.O002-0)5 1.6122-01 8.2%2-) '4 . 01E2-03

1.0002O-+00 1.000E-04 1.000E-04 2.9132-Cl t.935E-, 1477E-02
1.000OE+00 5.,OOOE-04 5.OOOE-04 7.6882-01 2.51' 41E2
1 .0 002E+0',0 1.,002-03 1,0002-03 9.062E-0: 6 _ 7-J7 -'5E- 0:
1.0002E+00 2.0002-03 2.OOOE-03 9.5872 01 1.45 E '4-02
1.02E+00 4.0002-03 4.0002-03 9.714E-01 o.2 E4V ~- oC2
1.000E+00 6.000E-03 5.0002-03 0.725E-01 1.3702-01 :C2 E-02
1002+00 1.0002E-02 1 .0002-02 9. 728C2-SI .siE .' 00

1.000E+00 5.0002-02 5.0002-02 9.7282-01.~ '22 23E 20-0
1.0002+00 1 .0002E-01i 1 .0002E-01 9.7282-C: ''.-:-E, J"E0
1.0002+.00 5.0002O-01 5.0002E-01 91. -292 -0)1 0 .OE-f .- 1 E .
1,)02)+00 1.0002E+00 I1. 0002+00I ', 7282-01 uEW I.102

J5-.0002)+00 1.0002E-06 2.0002-07 1. 412-03 ;P . '952- -. Ic-.E-OS
_T000 C E+00 .0 02-0 6 1.000Ot .0-3E-03 E ")4
50002 E+0-D0 1.0002-05 2 * 000-06 1 'I0Q2-0)2 3' EI 0- 00,
Z0002O+0Z0 5.00023E-0 5 1 *O- 0002-O .5.452-02 I F16-0

5.002+0 O1000-04 2.0002-05 E.220 1 1 1"-0 3
3002+-20 5.0302 04 1.0002E-04 Z.0272-01 ni 7-,3 E2 E' -'.

.0 002E+00, 1.0002-03 2,000E-04 7. 437E--0! 1 3192-02'
5. 70C02+00 2 .002--03 41.00)0--04 1. 1E1-- 01 F .10-02

5.0002E+00 410,002-03 8.0002-04 9.708E-01. 4 . '_7 6 *1 2 46!:2E-0 2
.00 02+00 .0E-o3 1.2002-037 ?.7492-01*O.2!u .t30

-, .(002*00 .0002E-02 2.O002-03 ~ 520 .121 sC0 'g 3
0- -. 1.0002E-02 0CS3E-5i 271E-

)Cj'OE +00 'J I.00 - 01 2.0)02-02 C .7 '532- 01 0'?EC' 2. :2
ID 0, 0E - C1 1.000E-OL .2-1 *02+* .-- '

3.00+)' .00+00O 2.0002-01. Y3 . > -0 1 0 .t0 E - E. -~- 2*
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Table C-4. Broad-band IR properties of sooty water clouds (continued).

HZ
O / soot  

(g Cm- 2 ) (qm cm-
2 ) Emissivity Transmissivity Reflectivity

1 . OOQE+01 1 . 'E- 0, 1 .OOE-'07 i. I?E-02 ? E-O 1i-0 %

1.OOE+1 5.OOOE-06 5. OOE-07 3 733E-03 9. V40E-1 2" 7;"E-04-". 0 E + O 1 * "0 C ,0 i E - "0 5- 1 O, - - 0 6 I~' ~ -I 1 4 " E ' - . E -  I j - __-, 3 1 0 4
1 OOOEt01 S.O'OOE-05 S.OOOE-06 5. 584E-02 4 4165I-0' "1 2 5E -'0

S..00E+O 1.0 F0E-04 1.0:0E-05 . 0855E-01 8..866E-01 j' 0E4-,3
i.OOOE+01 5.000E-04 5.000E-05 41.749E-O1 5.492E-01 -88E-02

-.-. . 0 ;0 0E-C 4 . " E 6 v E -C1 2.33 1-
00,)E+01 2 00OE-03 .000E-04 8.233E-01 ?_.T3E2-,' -2

005+1 . OE-02 4 .000E-^ 4 ?,.6>7E -1 .245 22-02
I .'000E+'l .205,--03 6.000E-04 9-7750E-01 1 502E-0' 0 '0"2-
1.000E+01 ".00-2 1.40005-043 2 .7!C! 35E -* 0' 3 2

+.o0o+o l. 5.oOOE-02 2..0O0E0 -03 o.770E-01 4. 1S,, 1-22 2" 'P ,

1. '00 0 1 1,000E-01 .0OE-02 2 -77,0E-01 0. ' CE-; 2 ,,- 02
+.. C ' 4 .. 00- -02 .,' -0 0 ,000E+00 2 . E - D 2
+ . I OE+,At ' 00- 1.00C0E-01 DO '0 CC + C. 2, E-02

00,E+O I I .0E0- 6 2. E 9 E- Q . 325E-04 '7QE-O1 3.E -1 h
... 05+0 C I IE-Ot I O0E-0 1.6 8E-03 , 9S 2 , -,), -0 4
]. 30005 01~, O 1. , 00E -05 2. '"E- 2 E - ' -, 32-Ox . , >'. ""

E + i) - E r - t -
*.0- -' O -O''E O Zln---'.,-". .- 2-' - : C: 0-''

*' E+01 i O0 -' E
4 ,-rn.) vM - - 0"

. E + . )I 2 - r" - - " 2- E E " "2

0 t, 4 .

C . )':,lE- "0 1 I"7 " "" ""5 . - "I . 2 :- ' . . ' .5-r . ..
C"'/ E~

'aE -

-lanE 2 E

E . . .. E.
7 '?' ':E 0 1 .: ..c,- -: -. :'- ':- . ? : --. - - ' ' , c '\S ,.. ;

... ." C

- .. ..I. -- -
' " - ' -. . - ' - 7 t r - - - a- - - . . . -_ - a?. ,

.t

" ', - a - ,' - .A" A a!

L.L& 6j : Z--:i.: "> ;. .. :- .Z :,2' r-- . : !-' . . . . . . . . . . . .
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Table C-4. Broad-band IR properties of sooty water clouds (continued).

0's ot (:c) amcr) Emissivity Tran:;issivity Reflectivity V

1.O+0 IOOOE-06 9.0QOQE-B .?770E -1-a 1 90E -Ot T-SE-0n1
OO+2 5.OOOE-06 2.SOOE-078 *.34 _7E -'03 1E-G 1 .- 0

2.OOOE+0.2 1.000E-05 3.000E07l 8.2?29E0' 99E-1 30E-03
2.00'OE+0i2 5.OQOE-05 2-300E-07 4364E-0" :- 1.16:3 E-02
2. OOOE+y2 1. 00E-03 5.000OE-07 a5.309E-0 fl1 0E-
2.0c0 S .OOOE-03 2.00E1-06 3.119E-cO -02:.

2.OEO' 4.OOOE-03 2.OOOE-05 9. 462E-0! 344-E -

2.1OOOE+02 6.OOOE-03 3.0002E-03 9.72413-01 S Z. DE ~2
2.00OE+02 1.OOOE-o2 5.OOOE-05 0,800E-01 Et 0 E 0'3 i - 1-)2

4,2.00013+02 5.0001E-02 2.500!:-04 9. 307E-Oi ;3E0
o 2.000E3+02 1 .OOOE-01 5.000E3-04 IQ1-Q fl73SE- 12
4 2.00013+02 5-000E-0i 2 .500E-03 9 '17,c~cAn -

2.OOOE+02 1.00013+00 5.00013-03 9.807E-01 Q 02E

5.0OOE+O2 1.0001E-06 2.00013-0? 8.Si,913-QA 9 Q'7? E_
00013O+02 S.OOOE-06 1.00013-0S -1.416E-3- 9 . 4

5,000E3+02 1.000E3-05 2.00O08O 3.812E3-0 ' 7
* OOOE+02 5.00O05o 1.00013-07 4.32513-62 fl tSr 1

.00013+02 1.0001E-04 2-.JOOrE-0? 8 * 42.513-0-
3.000E+02 5.0001E-04 1.0001E-06 3,5L42E30 '$-C' 1Ci

)OOE+J2 200E -0,3 4.00013-06 303-01.I V
001302 4,003- 4 3 OOOE-06± P, 0,:: ZE--

0013O+02 6.00013-03? 120013-05 -2'13E-O0 - 41 E " :Z 1 1 4 EE-'a-
:000E3+02 1 C.013- 02 2 .-01. ,E-0 13 2,S3013 7

S ,013D+02 5 .OOOE-02 1.00013-04 Z f~ 30
S000E+0 2 1.000E3-01 2.0030 1 "-' E

5.006E+02 5,0001E-01 1.OOOE-§: j~Q1 -E P I 3,1
3000E3+02 I.0013+0 . C-0 E-- 0

i.00E03 1.000E3-06 t.00OE-O0 I.2130 E - a.a-
1.0 Q 01 E+C03 5.O~OE -0 5AC,"0E -0 4 . 4 C31Z: AI*

PDOE01+03 1. 0 0 01E- 01 1 -0201H-08 7 353 & .

0,.)1) + 01). uE -S 4.312E3-02
)OOE+0'3 1 .00)1E-0 4 I .0001-07 3 .4 301- E.2i

1.OOC~t0E 5. 1-: '0 -E01-0' 7r

00013+03 1.02(13-01 4 .01CE- 02 14 E - 11 1

001E+-l C, 0E -0 I E-4 -- V
0- +0 E A-',0 E

C, 0E 3 1 .00013+0) 103 E. -Y-) 0. 4 22
0~~~~~~~.a 0 ' 1E .E-C
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Table ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ 4- C-.BodbnJRpoete f ot ae lus(otne)

/P j 20 2)U Soo

H~r) soo qm m- qm C- Eissiity Tranmisivit Relectvit

+ E - a -11. 4 -0-
'_-,)OOE-06~~~~~~~.$ I.CO -' .32 - , ? 0 4E 0 _ 0E 0

CE0 2 L . :.: c 4 1 2EO * 2_12\E-035

OE - 4 1 .)0C'QE - C9 392 E - 01 t. '4 E -C01 . OySE-04

EPC' E-0Z 2.CCE -CE- T.o6 . 9E -0 1 221E-042
-. ~ ~ ~ 3 4 . 6'EQ E -0E-i C.3O 395 -023-0

0 E 1 0 0 . OE -036 ' 4E 1 3.4E - 3 02EC 1 Eif - 0 2)
'E-04C 1.'OEC 3. Z -z 7'1 .3c -01 'E - 02

rl 1 3 D- 0E- 2 1-OO E O .7>.CA-O 1 4lr 2 2 E4 C-..I 3E-02%.

0 EC.0. 'E - 4.00-ME-04)? E 1' ' 0 0 E. Q0 1E0 3 E -02
+ 07 CQ2 -'3 00'E-04 ( ?.135E - i 3.0 C- )20 ?.3E-02

-0 i)3 ~ ;0E-06 1.203E-)0 -.71E-01 09913E-01 7.412E-05
3 + ,,. L500E-'06 5.000E-10 49.SO E-03I q745- i '.23E-02 4

:.0zOE-0 1.OOIE-OZ 9761E -03 1.402:-E-10 1.3-04
4 5:-C0KOE -05 5-OOOE-Y3Q 1.S1CE-1 ? 554E-0: 1 .03-02

0E3 OOOS-Cl 1.000E-08 -.1E-021 2)OE+01 l. 113E-03
3 . 200+00 2.205-04 9.52;E-01 t .OE0 .%E

_0'O -+04 1<005E-03 1.O00E-.% 3*.7035-Q4 4,9'E-O1 3.'112E-05
I - ' ' ID.000504 E-0;'36 ~ . 0 0C E-10 8.06!E-03 7A4E -,,' 1, .9E-0 41

'5-0E04 4.OOE-O3 1.000E-07 9.761,5-09 OO~ 1 3-j .3835 -04
ECCJ,'4 3.00E5- 0 15.OOO E -09 1.050 ? .5'345-OZ 1.E -032

00 5 E .050 1.00-0 0A7E0 4.2E0 3.1115-03 .
*I 'f+' .0005E-02 1.0OOE-09 301E5-01 3. 55q8-OJ I.1)4

0. 'O- t0 7.050 3,050 S.4E01,06-1 .35
',yzE+O'4 2.0005-03 , 0 0 E- 0 6 .tE0 1 25S7E-0 2E -:0 -) Z.

E .ZE+ 04 .0005? ,-01 4.0005-079O5-0 . - 1.3945E-C2

0m ,00 +5. 5 10 0 E- 0 1 .0005-,6 O.0'0 3 9Q 4 E -02 E,-
1 .0205O+04 I5.00OE00 5.0005-04 9.!310-01 '0 1.OC2E-s0

E. C.. -00 0 I I.I000.5-01- 1 .05O ?. E -0 1 . 1 EiL I . %5-0
t00Q05+4 5.005--01- _ 5. 0250 C,5- 0 E I.4302E-032

I ~ ~ JEO .2050 1.0OO+ .00-10 2. 3 E-03 9E'-1'- fl 14~2-0

I.20CDE +05 a.15 -~ 5-OOQE-10 4.30E-,0 5;'E 2SE -05 3~A
20+0 . CoOE -O 4 3. 0005;,)-11 4 -9E -0 S Ct E'' I~ Of4k

1 0'0E +0)5 5.0005',-04 5,000E-109 1' 4 -1~5Q 5 A 1 5-QE
1) S~* 1. E0 0 1 * 00E05-0 5.4S-02 % %0

^P- 2'E 0)5 t-OOOS-03 2.000E-03 '8 .t 0 69 )-1 1.7±8-) , 05E - ..
E 3 4,Cp 4 E'C~ 400- 3 7

E 5- :v02 5 0 -0 D) E'Fu C) V ''15E ' 2 4
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Table C-4. Broad-band IR properties of sooty water clouds (Concluded).

UH20 Usoot
P*2 Pso (gin cm 2) (qm Cm-2) Emrissivity Transmissivity Reflectivity

!.OOOE+10 1.000E-06 1.0O0E-16 3.795E-04 9.Q91E-01. 3.410E-054.
. Q300E+10 5.QQE,6000OE-16 4,389E-03 5.954E-0i1 I.s~9EE-04

!.OOOE+10 iOOOE-05 1.OOOE-15 9.7SSE-03 9.909E-0 7'7-81E-04
1.C'OOE+10 5.OOOE-05 5.OOOE-15 4.299E-02 9.5154E-03 1. tCSE-O3
1.000E+10' 1,0OOE-04 1.00'DE-14 3.405SE-02 9,128E-01 4 7i09E-03-
1. SOCE+10 5.0OOE-04 5.0O0E-14 31.524E-,il t,.365E-O3 1106E-02
1.000E+10 1.000E-03 1.OOOE-13 5C'ABE-01 4.097E-1 1.5'JOE-02
1.O0OC0E +1C 2.000E-03 2.00'OE-137 8.060E-01 1 * SS3E 0 19-
1,00OE+10 4.OOOE-03 4.'OOE-13 ?.435E-01 3.753E-) 1,832E-02

1,OE1 6*.000E-03 6.OOOE-13 9.714E-01 9.6411E-0- !.00,E-02
1,OOOE+10 1.OOOE-02 1,000E-12 9.SO1E-01 3.S5S1E ,4 1.,:01E-02
1.COQE+10 5.'000E-02 5,'OOOE-12 ?.810E-01 1.637E1IC 13E -02)
1-OOOE+10 1.00OE-01 1.OOOE-11 9-9B10E-01 8,052E-17 t:0E-C-2

jOOOE+10 15.OC'QOE -0(11 5.OOOE-11 9.SIOE-Oi 0.-OOCE+V0C I -0lIE -02
1.O0OE +i0 1.OQOE+0O 1.OOOE-10 9.310E-01 2.,E0 :sQE0
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Table C-'S. Optical properties in the visible (X=0.55 uim) of sooty
water clouds.

soot 21 H20 PT
H20 soot ,notical lepth) 'pm cm2- 'pm CM-) rPeflectivity) (Transmissivity) (Emissivity)4

t .OOOE-03 4.422E+01 1 .OOOE-03 .OOOE-06 4. 424E-02 3. 986E-09 9 . 55E-01
1 .OOOE-03 2 .211IE+02 S.OOOE-03 5.000E-06 -1.42 4E-02 O.000E+00 9.55SE-01
I.OOOE-03 4.4.12E+02 1.0OOE-02 1.OOOE-05 4.424E-01. O.OOOE+00 9.558E-01
1.OOOE-03 2.211E+03 S.OOOE-012 5.OOOE-05 4.424E-02 O.OOOE+0O 9-558E-01
1.OOOE-03 4.42"E+03 1.OOOE-01 1.OOQE-04 4.424E-02 O.OOOE+O0 9.55E-01
1.OOOE-03 2.211E+04 S.OOOE-01 5.0OOE-04 1.424E-02 O.OOOE+00 9 .558E-01
I.OOOE-03 4.422E+04 1.OOOE+00 1.OOOE-03 4.424E-02 O.OOOE+OO 9.58E-01
I.0O0E-03 8.844E+04 2.000E+00 2.OOOE-03 4.424E-02 O.OOOE+O0 9.5S8E-01
1.00OE-03 1.769E+05 4.OOOE+OO 4.OOOE-03 4*424E-02 0.OOOE+00 9.558E-O1
1.OOOE-03 2.653E+05 6.OOOE+00 6.OOOE-03 4.424E-02 O.OOOE+OO 9.558E-01
I.OOOE-03 4.422E+05 1.OOOE+01 i.000E-02 4.424E-02 O.OOOE400 9,55SE-O1
1.OOOE-03 2.211E+06 S.OOOE+01 5.OOOE-02 4.424E-02 O.OOOE+O0 9.558E-01

1.0OOE-03 4.422E+06 1.000E+02 1.OOOE-01 4.41.4E-02 0.OOOE+OO 9.55SE-01
1.OOOE-03 2.211E+07 5.OOOE+02 5.OOOE-01 4.41'IE-02 0-OOOE+00 9.~55E-01
1.OOOE-03 4.422E+07 1.000E+03 1.OOOE+00 4.424E-02 O.OOOE+00 9.S58E-01

1,OOOE-02 4.414E+00 1.OO0E-04 1.000E-06 4.333E-02 1.443E-01 8.124E-01
1.OOOE-02 11,212E+01 5.O0OE-04 5.OOOE-06 4.425E-01, 6.3O5E-0t 9-557E-01
I.OOOE-02 4.424E+01 1.OOOE-03 1.0OOE-05 1.4425E-02 3.9?94E-O9 9.55?E-O1
1.OOOE-02 2.212E+02 5.OOOE-03 5.OOOE-05 4.425E-02 O.OOOE+O0 9.557E--oI
1.00OE-02 4.424E+02 1.OOOE-02 1.OOOE-04 4.425E-02 O.OOOE+00 9.557E-01
1.OOOE-02 2.212E+03 5.0OOE-02 5.00OE-04 4.4115E-02 0.OOOE+OO 9.557E-01
1.OOOE-02 4.424E+03 I.OOOE-O1 1.0OOE-03 4.425E-0-1 O.OOOE+00 9.55-E-01
1.OOOE-02 8.847E+03 2.OOOE-01 2.OOOE-03 4.425E-021 O.OOOE+OO 9.557E-01
1.OOOE-02 1.76?E+04 4.OOOE-01 4.OOOE-03 4.425E-02 OOOOE+00 9.' 57E-01
1.OOOE-02 2.654E+04 6.OOOE-01 6.OOOE-03 4.425E-0" O.OOOE+OO 9.557E-01
1.OOOE-02 4.424E+04 1.OOOE+00 1.OOOE-02 4.425E-02 C.OODE+0O 9.55"E-01

*1.OOOE-02 2.212E+05 5.OOOE+0O 5.000E-02 4.425E-02 O.OOOE+OO 9.557E-01
1.OOOE-02 4.424E+05 1.OOOE+OI 1.OOOE-01 4.415E-0 O.OOOE+0O 9.55-7E-Ot
1.OOOE-02 2.212E+06 5.OOOE+01 5.OOOE-O1 4.425E-02 O.OO)OE+00 9.557E-01
1.OOOE-02 4.424E+06 1.OOOE+02 1.OOOE+0O 4.425E-02 0.000i:+00 9.557E-01

% 1.OOOE-O1 4.439E-01 1.OOOE-05 1.OOOE-O6 1.417E-OZ 8.236E-01 1.621E-01
%1.OOOE-0I 2.220E+00 5.OOOE-05 5,OOOE-06 3.802E-0-1 3.795E-01 5-825E--ut.

1.OOOE-01 4.439E+00 1.OOOE-04 1.OOOE-05 4.350E-02 1.442E-01 8.123E-01
1.OOOE-01 2.220E+01 5.OOOE-04 5.OOOE-05 4.442E-02 *S.284E-05 9.55SE-0i
I.00OE-01 4.43?E+O1 I.OOOE-03 1,00OE-04 4.442E -(2 3-957E-09 0.556E-01
1.OOOE-01 2.220E+02- 5.OOOE-03 5.OOOE-O4 4.442E-02 0,0O0E+00 9.5!56E-01
I.OOOE-OI 4.439E+0-1 1,OOOE-02 I.OOOE-03 4.442E-02 O.OOOE+0O 9.556E-0)1
1.00OE-01 8.879E+02 2-OOOE-02 2-OOOE-03 4-442E-02 O.OOOE+OO 9.5.'6E-01
1,0OOE-01 1.776E+03 4.OOOE-02 4-OOOE-03 4.442E-02 O.OOOE+00 9.556E-01
1.OOOE-01 2.664E+03 6.OOOE-02 6.00OE-o3 4.442E-02 O.OOCE+OO ?.5S.5E-01
1.OOOE-01 4.439E+03 1.OOOE-01 1.OOOE-02 4.442E-02 0.000E+00 9.1j".E-01
1.OOOE-01 2.220E+04 S-OOOE-01 5.oOoF-O2 4.442E-02 0.O000E+0(J 9-.E-o:
1.000E-01 4.439E+04 1.OOOE+OO 1.c)oOE-O1j 4.44--E-02 Q.,)C'OE+00 9-' Ej
1.00OE-01 2.220E+05 5*OOOE+)O 5.OOOE-01 4.442E-0:2 0.)000E+00
1.OOOE-01 4.439E+05 1.OC'OE+01 I.OOOE+00 4.442E-02 O).O)'E+O-l 9-tE0
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Table C-5. Optical properties in the visible (A=0.55 1m) of
sooty water clouds (continued).

T / * Usoot UH20 R T
H2_ Soot (Ootical Depth) (gm cm-2) (gm cm"2 ) (Reflectivity) (Transmissivity)(Emissivity)

5,OOOE-O1 9,018E-02 2.000E-Q6 1,OOOE-06 3.376E-03 9.618E-01 3.478E-02

5.OOOE-01 4.509E-01 1.OOOE-05 5,O00E-06 1.454E-02 8.233E-01 1.62I1E-01 %

5.O0OE-01 9.01SE-01 2.OOOE-05 1.OOOE-05 2.439E-02 6.780E-01 2.976E-01
5.OOOE-O1 4.509E+00 1OOOE-04 5.OOOE-05 4.425E-02 1.43SE-01 8.120E-01
5.OOOE-01 9.018E+00 2.OOOE-04 1.OOOE-04 4.517E-02 2.071E-02 9.341E-01
5.OOOE-01 4.509E+01 1.OOOE-03 5.OOOE-04 4.518E-02 3.842E-09 9.548E-01
5.OOOE-O1 9.018E+01 2.000E-03 1.O00E-03 4.518E-02 1.479E-17 9.548E-01
5.OOOE-01 1.804E+02 4.OOOE-03 2.000E-03 4.518E-02 2.192E-34 9.548E-01
5.OOOE-01 3.607E+02 8OOOE-03 4.OOOE-03 4.51SE-02 0.OOOE+00 9.548E-01

5.OOOE-01 5.411E+02 1.200E-02 6.OOOE-03 4.518E-02 0.O00E+00 9.54BE-01 F

5.OOOE-01 9.018E+02 2,OOOE-02 1.OOOE-02 4.518E-02 O.OOOE+00 9.548E-01
5.OOOE-01 4.509E+03 1.OOOE-01 5.OOOE-02 4.518E-02 OO00E+O0 9.548E-01
5.OOOE-O1 9.018E+03 2.000E-01 1.OOOE-01 4.518E-02 0.O00E+O0 9.548E-01
5,OOOE-01 4.509E+04 1,000E+O0 5.OOOE-01 4.518E-02 0,O00E+O0 9.548E-01
5,OOOE-01 9.018E+04 2,000E+0 1.O00E+00 4.518E-02 O.OOOE+00 9,54SE-01

1.000E+O0 4.596E-02 1OOOE-06 1.OOOE-06 1.760E-03 9.807E-01 1.754E-02 :-

1.OOOE+O0 2.298E-01 5OOOE-06 5,OOOE-06 8.154E-03 9.072E-01 8.469E-02
1.OOOE+00 4.596E-01 1OOOE-05 1.000E-05 1.486E-02 8.230E-01 1.621E-01
1.000E+O0 2.298E+00 5.OOOE-05 5.0OOE-05 3.952E-02 3.782E-01 5.823E-01
1,000E+O0 4.596E+00 1.OOOE-04 1.,00E-04 4.518E-02 1.432E-01 8.116E-01
1.000E+O0 2.298E+01 5.OOOE-04 5.OOOE-04 4.613E-02 6.079E-05 9.538E-01
1,O00E+O0 4.596E+01 1.OOOE-03 1.OOOE-03 4.613E-02 3.703E-09 9.539E-01
1.O00E+O0 9.192E+01 2OOOE-03 2.000E-03 4.613E-02 1.374E-17 9.539E-01
1O00E+O0 1.838E+02 4OOOE-03 4.OOOE-03 4.613E-02 1.892E-34 9.539E-01
1,000E+00 2.758E+02 6OOOE-03 6.OOOE-03 4.613E-02 0.OOOE+00 9.539E-01
1.000E+OO 4.596E+02 1.OOOE-02 1.000E-02 4.613E-02 O.OOOE+00 9.539E-01

IOOOE+O0 2.298E+03 5OOOE-02 5.OOE-02 4.613E-02 O.O00E+00 ?.539E-01
1.000E+O0 4.596E+03 1,OOOE-01 1.OOOE-01 4.613E-02 0.O00E+00 9.539E-01 .
1.000E+0O 2.298E+04 5.OOOE-01 5.000E-01 4.613E-02 O.OOOE+00 9.539E-01 .-...:
1.000E+O0 4.596E+04 1-000E+O0 1.000E+00 4.613E-02 0.O00E+00 9.539E-01

5,000E+O0 1.058E-02 2,000E-07 1.OOOE-06 4.217E-04 9.960E-01 3.534E-03
5,000E+O0 5.292E-02 1,OOOE-06 5.OOOE-06 2,075E-03 9.804E-01 1.754E-02
5.000E+O0 1.058E-01 2OOOE-06 1.OOOE-05 4.070E-03 9.11E-01 3.478E-02
5.OOOE+0O 5.292E-01 1.000E-05 5,OOOE-05 1.748E-02 8.204E-01 1.621E-01
5.OOOE+O0 1.058E+00 2.000E-05 1.OOOE-04 2.925E-02 6.733E-01 2.975E-01
5.OOOE+O0 5.293E+00 1.000E-04 5OOOE-04 5.252E-02 1.390E-01 8.085E-01
5.OOOE+O0 1.059E+01 2.000E-04 1.000E-03 5.354E-02 1.938_--02 9.2.1E-Si
5.OOOE+O0 2.117E+01 4.OOOE-04 2OOOE-03 5.356E-02 3.766E-04 9.461E-01
5.000E+O0 4.234E+O1 8.000E-04 4.OOOE-03 5.356E-02 1.423E-07 Q.464E-01
5.OOOE+O0 6,351E+01 1.200E-03 6.OOOE-03 5.356E-02 5.374E-11 ?.464E-01

5.OOOE+O0 1,058E+02 2.O00E-03 1.OOOE-02 5.356E-02 7.667E-18 9.4-'4E-Ot %

5.OOOE+O0 5.293E+02 1.000E-02 5.OO0E-02 5.356E-02 0.OOOE+00 9.464E-01
5.OOE+0O 1.059E+03 2.000E-02 1.OOOE-01 5.356E-02 O.OOOE+O0 9.464E-01
5.OOOE+O0 5.293E+03 1.OOOE-01 5OOOE-01 5.356E-02 OO00E+O0 9.444E-01
5.OOOE+0O0 1.059E+04 2.OOOE-01 1.O00E+00 5.356E-02 O,OOOE+00 9.464E-0I
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Table C-5. Optical properties in the visible (X=0.55 Pm) of
sooty water clouds (continued).

T Usoot UsH202 R T E

H2/ soot (optical Depth) (qm Cm-2 ) (gm cm ) (Reflectivity) (Transmissivity)(Emissivity) p

1.000E+01 6.163E-03 I.O00E-07 IO00E-06 2.514E-04 9.980E-01 1.768E-03
1.000E+01 3.08iE-02 5,000E-07 5.000E-06 1.247E-03 9.899E-01 8.811E-03
1.000E+01 6.163E-02 1.000E-06 1.000E-05 2.468E-03 9.800E-01 1.754E-0"

1.000E+01 3.081E-01 5.000E-06 5.000E-05 1.140E-02 9.039E-01 8.468E-02
1.O00E+01 6.163E-01 1.O00E-05 I.O00E-04 2.072E-02 8.172E-01 1.621E-01
1.000E01 3.082E+00 5.000E-05 5.000E-04 5.415E-02 3.655E--01 5.803E-01 U
1.000E+01 6.163E+00 1.000E-04 1.000E-03 6,140E-02 1.340E-01 8.046E-01
1.000E+01 1.233E+01 2.000E-04 2.000E-03 6.251E-02 1.802E-02 9.195E-01
1.000E+01 2.465E+01 4.000E-04 4.000E-GA 6.253E-02 3.261E-04 9.371E-01
1.000E+01 3.698E+01 6.000E-04 6O00E-03 6.253E-02 5.900E-06 9.375E-01
1.O00E+01 6.163E+01 1.000E-03 1.000-E02 6.253E-02 1.931E-09 9.375E-01
1.O00E+01 3.081E+02 5.000E-03 5.OOE-02 6.253E-02 O.O00E+00 9.375E-01
1.000E01 6.163E+02 1.000E-02 1.000E-01 6.253E-02 O.O00E+00 9.375E-01
1,000E+01 3.082E+03 5.000E-02 5.000E-01 6.253E-02 O.O00E+00 9.375E-01
1.000E+01 6.163E+03 1.000E-01 1.000E+00 6.253E-02 O.O00E+00 9.375E-01

5.000E+01 2.625E-03 2.000E-08 1.000E-06 1.145E-04 9.995E-01 3.539E-04
5.000E+01 1.313E-02 1.000E-07 5.000E-06 5.714E-04 9.977E-01 1.769E-03
5.000E+01 2.625E-02 2.000E-07 1.000E-05 1.140E-03 9.953E--01 3.534E-03 5
5.0002+01 1.313E-01 1.000E-06 S.OOOE-05 5,595E-03 9.769E-01 1.754E-02
5.000E+01 2.625E-01 2.000E-06 1.000E-04 1.093E-02 9.543E-01 3.478E-02

.er 5.000E+01 1.313E+00 1.000E-05 5.000E-04 4.577E-02 7.923E-01 1.620E-01
5.000E+01 2.625E+00 2.000E-05 IO00E-03 7.455E-02 6.290E--01 2.964E-01
5.000E+01 5.251E+00 4.000E-05 2.000E-03 1.042E-01 3.979E-01 4.9:9E-01

5.000E+01 1.050E+01 8.000E-05 4.000E-03 1.209E-01 1.600E-01 7.191E-01 j
5.000E+01 1.575E+01 1.200E-04 6.000E-03 1.236E-01 6.448E-02 8.119E-01

* 5.000E+01 2.625E+01 2.000E04 1.000E-02 1.241E-01 1.047E-02 8.654E-01
5.000E01 1.313E+02 1.000E-03 5.000E-02 1.241E-01 1.342E-10 8.759E-01
5.000E+01 2.625E+02 2.000E-03 1.000E-01 1.241E-01 1.828E-20 8.759E-01
5.000E+01 1.313E+03 1.000E-02 5.000E-01 1.241E-01 0.O00E+00 8.759E-01 "

5.000E+01 2.625E+03 2.000E-02 1.O00E+00 1.241E-01 0.O00E+00 8.759E-01

1.000E+02 2.183E-03 1.000E-08 1.000E-06 9.733E-05 9.997E-01 1.770E-04
1.O00E+02 1.092E-02 5,000E-08 5.000F-06 4.861E-04 9.986E-01 8.847E-O4
1.000E+02 2.183E-02 1.000E-07 1.0002-05 9.709E-04 9.973E-01 L.7682-03
i000E+02 1.092E-01 5.000E-07 5.000E-05 4.802E-03 9.864E-01 3.9t11-03
1.000E+02 2.183E-01 1.000E-06 1.O00E-04 9.473E-03 9.730E-01 1.754E-02'
1.000E+02 1.092E+00 5.000E-06 5.000E-04 4.260E-02 8.728E-01 8.464E-02
1-000E+02 2.183E+00 1 000E-05 1.000E-03 7.511E-02 7.631E-01 1.oltSE-01

1.000E+02 4.366E+00 2.000E-05 2.O00E-03 1.191E-01 5.856E-01 2.0 53E-01
-, 1.000E+02 8.733E+00 4.000E-05 4.O00E-03 1.605E-01 3.479E-01 4.916E-01

1.000E+02 1.310E+01 6.000E-05 6.O00E-03 1.752E-01 2.077E-01 6.171E-01
1.000E+02 2.183E+01 1.000E-04 1O00E-02 1.823E-01 7.435E-02 7.433E-01

1.000E+02 1.092E+02 5.000E-04 5.000E-02 1.831E-01 2.602E-06 3.166E-01
1.000E+02 2,183E+02 1.000E-03 1O00E-01 1.834E-01 7.006E-12 8.166E-01
1,000E+02 1.092E+03 5.000E-03 5.O00E-01 1.834E-01 0.000E+00 R.166 -01
1.000E+02 2,183E+03 1.000E-02 1.000E+00 1.834E-01 0.000E+00 8.166E-0!
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Table C-5. Optical properties in the visible (A=0.55 urm) of
sooty water clouds (continued).

t' * Usoot UHZO T £

0H2 )/Psoot (Ootical Depth) (am cm- ) (qm c"_ ) (Reflectivity) (Transmissivity)(Emissivity)

2.OOOE+02 1.962E-03 5.000E-09 1.OOOE-06 9.874E-05 9.998E-01 8.851E-05 f: P
2.000E+02 9.810E-03 2.500E-08 5.OOOE-06 4.434E-04 9.991E-01 4.424E-04
2.000E+02 1.962E-02 5.OOOE-O8 I.OOOE-05 8.860E-04 9.982E-01 8.846E-04

2.OOOE+02 9.810E-02 2.500E-07 5.OOOE-05 4.399E-03 9.912E-01 4.415E-03
2.OOOE+02 1.962E-01 5.OOOE-07 1.OOOE-04 8.720E-03 9.825E-O1 8.821E-03
2.O00E+02 9.81IE-01 2.500E-06 5.OOOE-04 4.069E-02 9.160E-01 4.327E-02
2.O00E+02 1.962E+0O 5.000E-06 1.OOOE-03 7.489E-02 8.405E-01 8.459E-02

2.000E+02 3.924E+00 1.O00E-05 2.OOOE-03 1.281E-O1 7.105E-01 1.614E-01
2.OOOE+02 7.848E+O0 .. OOOE-05 4.O00E-03 1.938E-01 5.132E-01 2.930E-01
2.000E+02 1.177E+01 3.OOOE-05 6.OOOE-03 2.284E-01 3.739E-01 3.977E-01
2.OOOE+02 1.962E+01 5.OOOE-05 1.OOOE-02 2.56SE-01 2.007E-01 5.425E-01
2.OOOE+02 9.811E+01 2.500E-04 5.OOOE-02 2.684E-01 4.323E-04 7.312E-01
2.OOOE+02 1.962E+02 5.000E-04 1.O00E-OL 2.684E-01 2.014E-07 7.316E-01
2.OOOE+02 9.310E+02 2.500E-03 5.OOOE-01 2.684E-01 4.46SE-34 7.316E-01
2.OOOE+02 1.962E+03 5.OOOE-03 1.OOOE+O0 2.684E-01 O.O00E+O0 7.316E-01

5.OOOE+02 1.829E-03 2.OOOE-09 1.OOOE-06 8.357E-05 9.999E-01 3.541E-05
5.000E+02 9.147E-03 l.O00E-OB 5.OOOE-06 4.177E-04 9.994E-01 1.769E-04

5.000E+02 1.829E-02 .- 000E-08 1.000E-05 8.349E-04 9.98SE-01 3.539E-04
5.000E+02 9.147E-02 1.OOOE-07 5.OOOE-05 4.155E-03 9.941E-01 1.768E-03 ,*
5.OOOE+02 1.829E-01 2.000E-07 1.OOOE-04 9.261E-03 9.882E-01 3.534E-03 -
5.OOOE+02 9.147E-01 1.000E-06 5.OOOE-04 3.943E-02 9.430E-01 1.754E-02
5.OOOE+02 1.829E+00 2.OOOE-06 1.000E-03 7.454E-02 8.907E-O 3.476E-02

5.000E+02 3.659E+00 4.O0OE-06 2.000E-03 1.340E-01 7.97SE-01 6.822E-02 -0
5.OOOE+02 7.318E+00 B.OOOE-06 4.OOOE-03 2.209E-01 6.481E-01 1.311E-01
5.OOOE+02 1.098E+01 1.200E-05 6.OOOE-03 2.789E-01 5.328E-01 1.834E-01
5.OOOE+02 1.829E+01 2.000E-05 I.OOOE-02 3.457E-01 3.679E-0)1 2.864E-01

5.OOOE+02 9.147E+01 1.OOOE-04 5.OOOE-02 4.103E-01 1.205E-02 5.776E-01 4
5.OOOE+02 1.829E+02 2.OOOE-04 1.000E-01 4.104E-01 1.74oE-04 5.394E-01
5.000E+02 9.147E+02 1.OOOE-03 5.OOOE-01 4.10,E-01 3.396E-19 5.896E--0I
5.000E+02 1.829E+03 2.OOOE-03 I.OOOE+O0 4.104E--01 O.OOOE+O0 5.89SE-01

1.000E+03 1.785E-03 1.OOOE-09 1.000E-06 8.194E-05 9.999E- 1 1.772_-O. .-, a. -
1.0)0E+03 8.926E-03 5.OOOE-09 5.OOOE-06 4.091E-04 9.995E-Ot 8.947E-05
1.000E+03 1.785E-02 1.000E-08 1.000E-05 8.179E-04 9.990E-O1 I.77CE-04
1.OOOE+03 8.926E-02 5.OOOE-08 5.000E-05 4.073E-03 9.950E-01 8.847E-04
1.OOOE+03 1.785E-01 I.OOOE-07 I.OOOE-04 3. 106E-03 9.901E-1 1..'68E-03V

1.OOOE+03 8.926E-O1 5.OOOE-07 5.000E-04 3.898E-02 9.522E-01 8.811E-03
1.OOOE+03 1.785E+00 1.000E-06 1.OOOE-03 7.438E-02 9.081E-01 1.754E-02
1.OOOE+03 3.570E+00 2.OOOE-06 2.OOOE-03 1.361E-01 8.292E-01 3.4"15E-02

1.OOOE+03 7.141E+00 4.OOOE-06 4.OOOE-03 2.31'IE-01 7.005E-01 6.310E-0'
1.OOOE+03 1.071E+01 6.OOOE-06 6.OOOE-03 3.003E-01 5.998E-01 9.93E-02 .
1.OO0E+03 .35E01 1...OE-05 1.OE-02 " . 1898E-01 4.5,5E-01 1.583E-01

1.O00E+03 8.926E+01 5.OOOE-05 5.0O0E-02 5.227E-O 4.270E-02 4.346E-01
1.OOOE+03 1.785E+02 1.000E-04 1.OOOE-01 5.240E-01 -5.09E-03 4.'V3JE-Ot
1.OOOE+03 8.926E+02 5.300E-04 5.OOOE-01 5.240E-01 3.588E-13 4.-60E-01

1.O00E+03 1.785E+03 1.OOOE-03 1.000E+O0 5-240E-01 1.77'E-Y5 4.'60E-01
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Table C-5. Optical properties in the visible (X=0.55 rim) of '_
sooty water clouds (continued).

" soot 2  1H2 2) T

42n'OSOOt '-otical epthm) 'am cm - fm ) P
0 efiectivity) fTransmissivity) (Emissivity)

5.000E+03 1.750E-03 2.000E-1O 1.O00E-06 8.051E-05 9.999E-01 3.511E-06
5.OOOE+03 8.749E-03 1.000E-09 5.O0OE-06 4.023E-04 9.996E-01 1.769E-05
5.OOOE+03 1.750E-02 2.000E-09 1.000E-05 8.04"E-04 9.992E-01 3.543E-05

5.OOOE+03 8.749E-02 1.OOOE-08 5.OOOE-05 4.OOSE-03 9.958E-Ot 1.7'1E-04
5.OOOE+03 1.750E-01 2.OOE-O8 1.O00E-04 7.982E-03 9.917E-01 3.539E-04
5.000E+03 8.749E-01 1.000E-07 5.OOOE-04 3.86'2E-02 9.596E-01 1.769E-03
5.O00E+O3 1.750E+00 2.OOOE-07 l.OOOE-03 7.424E-0- 9.222E- 3.01 4E-03

5.OOOE+03 3.500E+00 4.OOOE-07 2.OOOE-03 1.377E-01 8.552E-01 7.054E-0.3
J.O00E+03 6.999E+00 S.OOOE-07 4.200E-03 ".404E-01 .455E-0 1.405E-02
5.000E+03 1.050E+O1 1.200E-06 6.O0OE-03 3.196E-01 6.594E-01 2.098E-02
5.000E+03 1.750E+01 2.OOOE-06 1.OOOE-02 4.32SE-01 5.325E-01 3.462E-02

5.000E+03 8.749E+01 1.O00E-05 5.000E-02 7.129E-01 1.405E-01 1.467E-03
5.OOOE+03 1.750E+02 2.OOOE-05 1.O00E-O1 7.415E-01 4.012E-02 2.184E-01
5.OOOE+03 8.749E+02 1.OOOE-04 5.OOOE-O1 7.441E-01 2.564E-06 2.558E-01
5.000E+03 1.750E+03 2.000E-04 1.O00E+O0 7.441E-01 1.473E-11 2.559E-01 %

1.000E+04 I.745E-03 1.OOOE-10 1.OOOE-06 8.032E-05 9.999E-01 1.821E-O,'.
1.000E+04 S.727E-03 5.000E-10 5.OOOE-06 4.014E-O 9.996E-01 8.817E-06

1.OOOE+04 1.745E-02 1.000E-09 1.000E-05 8.026E-04 9.992E-01 I."63E-05
1.000E+04 8.727E-02 5.OOOE-09 5.000E-05 3.999E-03 9.959E-01 3.95SE-05

' 1.OOOE+04 1.745E-01 I.OOOE-OB I.OOOE-04 7.96SE-03 Q.919E-01 1.77,0E-04
I.OOOE+04 8.727E-01 5.OOOE-08 5.000E-04 3.85SE-02 q.6OSE-01 3.848E-04

,. 1.000E+04 1.745E+00 1.OOOE-07 1.000E-03 7.422E-02 9.240E--O1 i.769E-O-,
1.000E+04 3.491E+00 2.000',-07 2.000E-03 1.379E-01 8.585E-O1 3.534E-)3
I.O00E+04 6.982E+O0 4.OOOE-07 4.OOOE-03 2.416E-01 'I.514E-01 '.O).!E-,)3
1.O00E+04 1.047E+01 6.OOOE-07 6.OOOE-03 3.221E-01 6.677E-)1 t.56E-02
1.O00E+04 1.745E+01 1.O00E-O 1.000E-02 4.388E-01 5.437E-0! 1. =1E-02

1.O00E+04 8.727E+01 5.000E-06 5.OOOE-02 7.530E-01 I.obSE-01 3.021E-02
1.000E+04 1.745E+02 1.OOOE-05 1.000E-01 8.014E-01 6.425E-02 1.344F-O1
1o000E+04 8.727E+02 5.000E-05 5.OOOE-01 9.tOQE-01 '-122E-05 1.99-)E-01 -
1.000E+04 1.745E+03 1.OOOE-04 1.000E+O0 8.109E-Oi 1.481E-08 1.I-99I .4

1.000E+05 1.'41E-03 1.000E-11 1.OOOE-06 8.O17E-05 0.99I.-0)1 t,-20E--0'
1.000E+05 8.707E-03 5.000E-11 5.OOOE-06 4.00'E-04 7.9?6E-Ol "

1.000E+05 1.741E-02 1.O0OE-1O 1.OOOE-05 9.01IE-04 1.922E-!) .3E-O6
1.000E+05 9.707E-02 5.000E-10 5.000E-05 3.992E-03 9.%OE-Of 9.3.IE-)s -
1.000E+05 1.741E-01 1.000E-09 1.OOOE-04 7.952E-03 o.920E-1 t." E-,5
1.000E+05 9.707E-01 5.OOOE-09 5.OOOE-04 3.853E-02 9.t!4E-1 9.: 3.6E-0
1.OOOE+05 1.741E+00 1.O00E-08 1.OOOE-03 7.420E-02 .256E-01 1.'3E-04
I.O00E+05 3.483E+00 2.000E-08 2.)000E-03 1.381E-01 3.61'E-1; . 4 E-0 .. %

1.O00E+05 6.966E+00 4.OOOE-O8 4.OOOE-03 2.426E-01 '.,!66E-CI ' .eE-04.
1.000E+05 1.045E+01 6.OOOE-08 6.OOOE-03 3.24E-01 6.74 E-01 !. 3E-...
1.000E+05 1.741E+01 .,O0OE-07 I.OOOE-02 4.443E-01 5.539E-01 1.7'IE-03 -.
1.OOOE+05 8.707E+O1 5.000E-07 5.000E--02 7.952E-01 1.',E-,[ 3.r"2E- ,  .
1.OOOE+05 1.741E+02 1.OOOE-06 1.OOOE-01 9.793E-Ot .34E--'. :.'E- ,

1.000E+05 8.707E+02 E.COOE-06 S.000E-01 '.3251E-01 ,_,6JE-Y' ,..2OE-02
t.000E+05 I. 41E+03 I.,)OOE-05 1.O00E+00 9.357E-)L 6.)09E-04 c.3'3E-'-

R9
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Table C-5. Optical properties in the visible (A=0.55 pm) of
sooty water clouds (continued).

T * UH20 U T 
0H2 0/Psoot (Optical Depth) (gM cm- ) (qm cm_2 ) (Reflectivity)(Transmissivity) (Emissivity)

1.000E+06 1.741E-03 1.OOOE-12 1.000E-06 8.O24E-05 9.999E-01 0.O00E+O0
1.000E+06 8.705E-03 5.OOOE-12 5.OOOE-06 4.011E-04 9.996E-01 5.971E-08
1.000E+06 1.741E-02 1.OOOE-11 1.O00E-05 8.O00E-04 9.992E-01 1.790E-07
1.000E+06 8.705E-02 5.000E-11 5.OOOE-05 3.991E-03 9.960E-01 8.924E-07
1.000E+06 1.741E-01 1.OOOE-10 1.000E-04 7.951E-03 9.921E-01 t.77SE-06

1.OOOE+06 8.705E-01 5.OOOE-10 5.OOOE-04 3.853E-02 9.615E-01 3.966E-06
1.000E+06 1.741E+00 1.000E-09 1.OOOE-03 7.420E-02 9.258E-01 1.SOOE-05
1.OOOE+06 3.482E+00 2.OOOE-09 2.000E-03 1.381E-01 8.61SE-01 3.590E-05
1.000E+06 6.964E+00 4.OOOE-09 4.OOOE-03 2.427E-01 7.572E-01 7.181E-05
1.OOOE+06 1.045E+01 6.OOOE-09 S.OOOE-03 3.247E-01 6.752E-01 1.077E-04
1.000E+06 1.741E+01 I.OOOE-08 1.000E-02 4.448E-01 5.550E-01 1.796E-04
1.O00E+06 8.705E+01 5.OOOE-08 5.000E-02 7.99SE-01 1.993E-01 8.969E-04
1.000E+06 1.741E+02 1.000E-07 1.OOOE-01 8.880E-01 1.103E-01 1.-'90E-03
1.OOOE+06 8.705E+02 5.OOOE-07 5.OOOE-01 9.700E-01 2.153E-02 8.440E-03
1.OOOE+06 1.741E+03 1.000E-06 1.000E+00 9.776E-01 7.850E-03 1.450E-02

1.OOOE+07 1.741E-03 1.000E-13 1.O00E-06 7.961E-05 9.999E-01 8.889E-08

1.OOOE+07 8.705E-03 5.OOOE-13 5.OOOE-06 4.021E-04 9.996E-01 O.OOOE+O0
1.000E+07 1.741E-02 1.000E-12 1.OOOE-05 7.998E-04 9.992E-01 0.OOOE+0O
1.000E+07 8.705E-02 5.000E-12 5.OOOE-05 3.990E-03 9.960E-01 3.954E-08
1.OOOEt07 1.741E-01 1.OOOE-11 1.OOOE-04 7.949E-03 9.921E-01 2.646E-07
1.000E+07 8.705E-01 5.000E-11 5.OOOE-04 3.853E-02 9.615E-01 1.111E-06
1.000E+07 1.741E+00 1.000E-10 1.000E-03 7.420E-02 9.258E-01 2.059E-06
1.OOOE+07 3.482E+00 2.OOOE-10 ..O00E-03 1.332E-01 8.61SE-01 4.142E-06
1.000E+07 6.964E+00 4.OOOE-10 4.OOOE-03 1.428E-01 7.572E-01 8.096E-06
1.000E+07 1.045E+01 6.OOOE-10 .OOOE-03 3.247E-01 6.753E-01 1.217E-05
1.000E+07 1.741E+01 1.000E-09 1.OOOE-02 4.449E-01 5.551E-01 2.025E-05
1.OOOE+07 8.705E+01 5.0O0E-09 5.OOOE-02 8.002E-01 1.997E-01 1.013E-04
1.OOOE+07 1.741E+02 1.OOOE-08 1.OOOE-01 8.989E-01 1.109E-01 2.026E-04
1.000E+07 8.705E+02 5.000E-O8 5.000E-01 9.750E-01 2.400E-02 1.006E-03
1.OOOE+07 1.741E+03 1.000E-07 1.OOOE+O0 9.864E-01 1.166E-02 1.972E-03

1.000E+08 1.741E-03 1.000E-14 1-O00E-06 93.151E-05 9.99QE-01-9.607E-O"
1.OOOE+08 8.705E-03 5.OOOE-14 5.OOOE-06 3.984E-04 9.996E-01 9.604E-08
1.OOOE+08 1.741E-02 1.OOOE-13 1.O00E-05 7.965E-04 9.99!E-01 ).O00E+O0
1.000E+08 8.705E-02 5.OOOE-13 5.OOOE-05 3.988E:)3 9.960E-01 0.O00E+00
1.000E+08 1.741E-01 I.000F-12 1.O00E-04 7.953E-03 9.920E-O O.00E+0m
1.000E+08 8.705E-01 5.000E-12 5.0O0E-04 3.853E-02 9615E-01 1.34SE-07
1.OOOE+08 1.741E+00 1.000E-11 1OOOE-03 7.420E-02 9.258E-01 5.338E-0 7

1.O00E+08 3.482E+O0 2.OOOE-11 2.OOOE-03 1.381E-01 8.61SE-01 9.113E-07
1.O00E+08 6.964E+00 4.OOOE-11 4.OOOE-03 2.428E-0t 7.572E-01 1.748E-0
I.O00E+08 1.045E+01 6.000E-11 6.OOOE-03 3.247E-01 6.753E-01 2.599E-06%

1.O00E+08 1.741E+01 1.000E-10 1.OOOE-02 4.449E-01 5.551E-C01 4.385E-0S P

1.OOOE+08 8.705E+01 5.OO0E-10 5.000E-02 8.003E-01 1.997E-01 2.170E-05
1.OOOE+08 1.741E+02 1.000E-09 1.OOOE-01 8.890E-01 i.109E-01 4.338E-0'-,
1.O00E+08 8.705E+02 5.00OE-09 5.000E-01 9.755E-0l 2.427E-02 2.166E-04
1.O00E+08 1.741E+03 1.OOOE-08 I.O00E+O0 9.874E-01 1.218E-02 4.312E-04
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Table C-5. Optical properties in the visible (X=0.55 Pm) of
sooty water clouds (Concluded).

* UJ UH2 T
Tj soot IjH2 T

~2n'Qsaa2 2________ cm-) - P (Trarisiissivity) (msiiy(2n/soot fotical oeDthl (m Cm-  (qm cm" ) (Reflectivity) ( missivity)

1.000E+09 1.741E-03 1.000E-15 1.000E-06 7.970E-05 9.999E-01 6.038E-08

1.000E+09 8.705E-03 5.OOOE-15 5.00E-06 3.984E-04 9.996E-01 6.036E-03
1,000E+09 1.741E-02 1.OOOE-14 1.000E-05 7.964E-04 9.992E-01 6.034E-08
1.000E+09 8.705E-02 5.000E-14 5.000E-05 3.992E-03 9.960E-01 6.015E-08
1,000E+09 1.741E-01 1.000E-13 1.000E-04 7.953E-03 9.920E-010,000EO+00
1.O00E+09 8.705E-01 5.000F-13 5.OOOE-04 3.853E-02 9.615E-01 1.742E-07
1.000E+09 1.741E+00 1.000E-12 1.000E-03 7,420E-02 9.258E-01 2.796E-07
1.000E+09 3.482E+00 2.000E-12 2.000E-03 1.381E-01 8.618E-01 5.727E-07
11000E+09 6.964E+00 4,000E-12 4.OOOE-03 2.428E-01 7.572E-01 1.098E-06
1OOOE+09 1.045E+01 6.OOOE-12 6.OOOE-03 3.247E-01 6.753E-01 1.633E-06
1.000E+09 1.741E+01 1.OOOE-11 1.000E-02 4.449E-01 5.551E-01 2.755E-06
1.000E+09 8.705E+01 5.OOOE-11 5.000E-02 8.003E-01 1.997E-01 1.373E-05
1.OOOE+09 1.741E+02 1.OOOE-10 1.000E-01 8.891E-01 1.109E-01 2.745E-05
1.000E+09 8.705E+02 5.OOOE-10 5.OOOE-01 9.756E-01 2.430E-02 1.371E-04
I.000E 09 I.741E+03 1.OOOE-09 1.000E+O0 9.75E-01 1.223E-02 2.735E-04

_ 1.OOOE+1O 1.741E-03 1.OOOE-16 I.OOOE-06 8.212E-05 9.999E-01 O.OOOE+O0
1.OOOE+1O 8.705E-03 5.000E-16 5.OOOE-06 3.987E-04 9.996E-01 O.OOOE+0O
1.000E+10 1.741E-02 1.000E-15 1.000E-05 7.972E-04 9.992E-01 6.217E-08'
1.000E+10 8.705E-02 5.OOOE-15 5.OOOE-05 3,997E-03 9.960E-01 6.197E-O8
1.000E+10 1.741E-01 1.OOOE-14 1,OOOE-04 7.950E-03 9.qZ1E-01 1.235E-O

%1.000E+10 8.705E-01 5.OOOE-14 5,OOOE-04 3.853E-02 9.615E-01 1.795E-07
1.000E+10 1.741E 00 1.OOOE-13 1OOOE-03 7.420E-02 9.25SE-01 2.305E-07
1.OOOE+10 3.482E+O0 2.000E-13 2.000E-03 1.382E-01 8.619E-01 5.365E-07
1.OOOE+10 6.964E+00 4.OOOE-13 4OOOE-03 2.428E-01 7.572E-01 1.05E-06
1.000E+10 1.045E+01 6.OO0E-13 6,OOOE-03 3.247E-01 6.753E-01 1.599E-06
1.000E+10 1.741.E+01 1,000E-12 .OOE-02 4.449E-01 5.551E-01 2.596E-06
1.OOOE+10 8.705E+01 5.000E-12 5.OOOE-02 8.003E-01 1.9Q7E-01 1.294E-05 .,
1.000E+10 1.741E+02 1.OOOE-11 1OOOE-01 9.891E-01 1.109E-01 2.53E--O.-
1.OOOE+10 8.705E+02 5.OOOE-11 5.000E-01 9.756E-01 2.430E-02 1.292E-04
1.000E+10 1.741E+03 1.000E-10 1.OOOE+O0 9.875E-01 1.214E-02 2.516E-04

*% "**

Note that the optical depth is defined by Equation 2-36 and includes .

effects due to both scattering and absorption.
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APPENDIX D

SOLUTIONS TO THE NUCLEAR WINTER MODELS

THE PROBLEM OF FIGURE 3-1

The solution to the problem of Figure 3-1 is as follows:

In layer 1: S-., ',

(1-A ) (

u - (1-A1 ) (I-A2 )  - (2 + i.,'

(D-1)
1 (1-A,) (I-A2 ) Z 1  z Z

(1 -A,) (1-A2) E z1 ) .
2

where z, measures the distance from the top of layer 1.

In layer 2:

S (1-A,) (I-A2 ) z e 
z 2

( (l-\) (I-A 2) + L+ I+e Z2

(D-2)(,,

!. ~i-A: i-A !+.+. +(1 - / e " ","* '.

05 **r,,,r'e /. i, th!'~ 'st-n A' ,, tPno tn , t Viyr 2. .

ppieVOUS PAEM

~~~~~ 
.k -* .

' Z ~ ~ a a. 
.

1,5o, S""



In layer 3:

S = (I-A,) (1-A2 ) £ e S2

U =1_2 (1-A1) (l-2) -Il+.1

2 (-l (1-A2) E [1+(1+111 +I-(c) e IS2 + e- 112 C 3 J

(D-3)
D =2- (1-At) (1-A2) E [1 + a + -(1+a) e-Is2 + e- VS2 EZ3]

T = 1(IA) (142) 11 + Ull + (l-e-S2) + e-P S2 C 12 13
where z3 is the distance from the top of layer 3.

For the earth:

_(141) (IA2) [1+Ul + (l+1l)e -S2 + a(l-e' S2)] (D-4)2 1 3

THE PROBLEM OF FIGURE 3-4

An approximate solution to the problem of Figure 3-4 in the case

Pll:O and defining A- (I-A1 ) (I-A2) is as follows:

In the convection zone:

-C Z2  -
S = A e S2

U : L(To + z 2 ) 4 + 4 J_ (To + 6z 2 ) 3 + 12 2- - 2 (T0 + 6z 2 ) 2

12 12

(D-5) !
3 S2 d

+ ) (T + BZ2) + 24 -- ) Z - A e - 2(12 E 12 - 12

-2 d  cI Z 2  
:e 12 12 12

I% iiNii.- •9N."



D = o [(To + 6z 2) 4 4 -1- (To + 6Z2)' + 12 ( To+)2(To + ) 2

12 
C 12

-24 (-)3 (To + Bz2) + 24 (-BB)4] _ [TO 
4

12

__) - 24o + 24 e -Cs2z2
C12 12 12 C12

T =T o + 8 Z2  %

where z2 is the distance from the top of the convection zone.

In the convection-free region of layer 2

S A E e 2 C S2 d

"-C d - C Z2

U . (l-cS)2 e + s2s .1 + 2o(T 0 + ad)4]

(D-6)

-L s2~ d - + s2Z --i + 2a(T0 + 6d)4J]
2 % %

1 C d~ 2E d2 -

-C d - 2 :..
[Aze (c - ) (1-e 2 + 2a(T 0 + Sd

2 OL

where z2 is the distance from the top of the convection-free region of

layer 2.
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In layer 3:

-WA
S AZe S2

U - 2 o c, + + S2 - e S2 + e (I+

2 Ca 13

E: d - , Us ( J11

D= 1 [2o(To + Bd)4 + Ali (a + I) e Sd _ a e S2 + e A - + E Z3)
2O 13

(D-7)
T _2 [2u(T° Bd)4 + AE{(a S2 _ a e- S2 + e-S2 13Z31s

where z3 is the distance from the top of layer 3.

For the earth:

-e d-L-A
1 i[2(To + d)4 + Az(a e S2 _ e S2 + e S2 (1 + LA )}j(D-8)
2- 13

In the above equations:

To T B
12

D - i _In --

S2 TB 12 s

where TB - A E11 / 4  
" 
"

5
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THE CASE OF HIGH SURFACE ALBEDO

For the solar fluxes in the case where the earth has an albedo,
A in the solar we have:

Above layer 1:

S D~

A (1-A) 2(-A 2 )
2 a e " S2

+IA)'1 A2  e eU =  [A, + A2 .AA2 + e(D-9)

I - A2 Ae- A, Ae(I-A2) e"2ps2

In layer 1:

SD = (I-A,) -

2 _2 -21 S2
SU = [ A2 (1-Al) + (I'1)0()A 2)2 Aee

1 -A 2 A -A1 A (1-A S2

e e - 2) e

In layer 2:
-2 s2 . .,

S (-A, (I-A1)
2 (1_A2)

2 A e -2 z2SD  L(I-A,) (I-A2) + e - e s 2AA( - 2UeS2

1 -A 2 Ae  A1 Ae(l-a 2 ) e S2

(D-11)-21jt
I- -A1)(1-A 2 )2 Ae e S2 Z e 2:U E--._ e S2

4 A2 Ae - A, Ae(1-A 2) e 2

where Z2 is the distance from the top of layer 2.
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In layer 3:

-S2 " -

D : (-A 1 ) (I-A2) e 2p
1 - A2 Ae - A Ae(1-A2)e s

(0-12)
S2

S E (I-Al) (I-A2) Ae e -2S

I1-A 2 Ae - A1 Ae(1-A2)e

e e

...8.,p

* -*.. *

V.-.a-
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APPENDIX E

CONVECTIVE EQUILIBRIUM WITH MULTIPLE IR GROUPS

In this appendix we shall demonstrate that a region as might be % %

formed by the NRC baseline, soot and water-vapor layer (Reference E-1) can

be represented by a set of IR groups with constant opacities such that the "

resulting temperature profile is significantly different from that for a

single IR group. In particular, if the range of IR opacities needed to

represent the water-vapor emissivity includes opacities both less than and

greater than the solar opacity, the tonperature profile will always have a

peak at about one solar optical depth. The temperature gradient, in the

absence of convection, on the top of the layer will normally exceed the

critical lapse rate.

Without using a dynamical model for the profile changes which

result from convection, it is difficult to be confident that a complete

understanding has been gained. However, it is possible to include a con-

vective flux component with transfer equations in order to find a new

equilibrium condition which has a convective layer which holds the tem-

perature gradient at the critical lapse rate through a modest mixing of

the unstable region with the optically inert atmosphere above it. This

results in a modified temperature profile including an altered asymptotic

temperature at the base of the soot layer.

OPTICAL PROPERTIES OF THE LAYER

The NRC baseline, 30°-70' N case shows that after 25 days a

minimLn surface temperathre is reached and at this time the optical depth

9.99
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for solar extinction is 2.5 due to the presence of soot which is taken to

be uniformly distributed from 0 to 9 km above the surface. The optical

depth is the product of the physical depth, z, and the solar opacity, CS,

so we can take Xs 0 0.25 km- . The broad-band infrared emissivity, €, is

mainly from water vapor and its behavior with path length, U, is given by

Figure E-1.

'po.

100 -
- -""40"C/

so 200C
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-. 
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-- ,.'.2 240H

20*°.
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00 o o 2  io I 0 °%°
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WATER VAPOR PATH LENGTH u(g cm)-2 )

Figure E-1. Broad-band IR emissivity for water vapor
(from Reference 2-10).

In the absence of scattering and for a parallel beam, the emis-

sivity is related to the path length by

I eu (E-1)

100
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where k is a mean mass absorption coefficient with units of cm2 g-1. Here

kU is the optical depth.

The NRC baseline case provides for a water-vapor pathlength of

1.45 gm cm-2 giving an emissivity of 0.63 from Figure E-1. Thus, the

optical depth for water vapor will be very nearly one for a mean opacity

over a 9 km depth of -H20 - 0.1 km-'.

Use of this mean value will give the correct emissivity at

U = 1.45 gm/cm2 but it would provide a very poor representation for the

C(U) curve of Figure E-1. In fact, F(U) results from an averaging over a

complex absorption structure. It is possible to represent this curve as

resulting from a set of IR groups with significantly different optical

properties. For exanple, a reasonable fit to C(U) is given by

-1300U -50U b~

E .2(1 - e-  ) + .2(1 - -
(E-2)

-W 12U
+.3'1 -e + .3(1 e - '

over the range of U from 10-4 to 102. This form for E- would result if

there were a set of four distinct IR frequency bands which contributed

with uniform opacities within each band. The opacities x = kp of the four

groups in this fit correspond to, for this mean density if p -10- 6

gm/cm3 , values of 130 km-f, 5 km- 1, 0.1 km , and 0.012 km- 1. Recall that

the solar opacity was x s  0.1 km - so that there are IR qroups with sig- ,,

nificant activities which are both more and less active than the solar -.

absorption.

TRANSFER EQUATIONS

The equation for the steady state radiative transfer for a

planar atmosphere can be written as (Reference F-?)
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SI_ -(E-3)

where the specific intensity I(z,n,v) is a function of position z, direc-

tion and frequency and has units of ergs cm" 2 sec - 1 Hz"1 sr - 1 . Here u is

the cosine of the angle relative to vertical while n is the emission co-

efficient and x is the opacity with units of cm"1 . Generally x is the sum

of absorption and scattering contributions but, for the present discus-

sion, scattering will be ignored. Given n and x, both possibly functions

of frequency, direction, and position, it is possible to solve for I.

However, in general, n and X are functions of 1, providing a nonlinear

transfer equation. In a uniform medium at steady state there can be no

net energy accumulation or loss so the emission coefficient and opacity

are related by

n(v) x(v) I(n,v) (E-4)

which is Kirchoff's law. For an enclosure in strict thermodynamic equili-

brium the radiation field is given by the Planck function at temperature T

so

n(v) = x(v) B (T) . (E-5)

If a medium has only small gradient lengths relative to photon

mean free paths the approximation of local thermodynamic equilibrium (LTE)

is often useful and this implies

n(z,v) = X(z,v) B (T) (E-6)

so that the emissivity can be expressed in terms of the opacity and the
known Planck function. Here B (T) has the property that the flux from a

blackbody is
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aT 4 = f B (T)dv (E-7)
0

which defines the Stefan-Boltzmann constant, a.

Consider now an idealized atmospheric layer which has the pro-

perties that there are a finite number of infrared frequency ranges of

importance and each of these has constant opacity. We assume that all

thermal radiation takes place in these groups and that the solar spectrum

does not significantly overlap the IR. Thus there is no emission into the

solar spectrum. The layer then serves to absorb the solar radiation and

convert the energy to thermal.

THREE GROUPS

• In order to get an analytic handle on the problem, we will now

•. develop a set of transfer equations appropriate for a three-group

two-strean approximation where the three groups consist of two IR groups

and one solar group. The transfer equation under LTE is

w x(v)(B (T)- I) . (E-8)

Integrating over the frequency domains gives

1' - = x {a ~iI~ - ) (E-9a)

z 7IT

-12  x 2 (0'2 21- 12) (E-9b)

az 7

and

P - S Is  (E-9c)
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Here the Xi are the opacities of IR groups and a.i is the fraction of the

thermal emission which takes place into the ith group. Both Xi and a.i

will be taken as known. (The opacities x i may be considered to be the

product of the density and mass absorption coefficient.)

TWO STREAMS

The full solution to the transfer equations includes the angular

dependence of the specific intensity. The details of this dependence are

not expected to have a significant impact on the result and it is conve-

nient to make an approximation which allows closure of the set of moment

equations generated by Equation E-3. Eddington's approximation provides

that the upward and downward components of I are each independent of W but

different from each other.

The flux associated with I is

40.

Flux f j IIW dij do (E-1O)

and defining I+ - I(i > 0) and I- a I(P < 0) the upward flux is

U = f w I+dP f do =I
+  (E-11)

0

and the downward flux is

0o

D = - I u I di f do = I- . (E-12) "

Thus, from Equation E-7 upon integration over angle

U.) =2 XaicT4 - 2 x.U. (E-13a)

a -D.) = 2 x. C.T" - 2 x.D (E-13b)d7 1 1 1 1 1 ..- .
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for i = 1,2. Since the solar flux is only down, w15 - S and

aS = 2 X'S . (E-14)Iz

Finally taking T - -2z as a convenient unit of depth and expressing the IR

fluxes in terms of plus, P = U+D, and minus, M=U-D components, we arrive

at

(P.) (E-15a) '...

i. (M.) = xiP i - 2 XijciaT' (E-15b)

(S) =-xS (E-15c)

which give the three-group, two-stream transfer equations. The steady

state condition implies c' i

i .(TM S) 0 (E-16)

These results are correct for any number of IR groups. However, the
46. essential features appear with two groups and this case can be solved

analytically, providing a solution as follows:

; S S o exp(-XsT) (E-17a)

M, A exp(vF' T) + B exp(/- T) + X exp (/ T) (E-17b)

M2 S - MI (E-17c)

P1 = PI 0 + Xi A - (exp(vy tJ -1) - B (exp(/y T)-1)

(E-17d)
+ U (exp(-_5 t) T 1)1
xs
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P2 =P2 + XI[- -A (exp(O- r) -1) + ( (exp(,Y ) -1)

- SOX (exp(-x s T)- 1)] (E-17e)
XsN

where So is the incident solar flux at the upper surface, T=O,

y = (a1X2 + a2X)X1X2 (E-18)
(c%1XI + a2X2)

" and

C11 X1 x 2
2-X 2

O so l (E-19)
0aIX 1 + (12X 2 Y - X2 "

.5

Finite fluxes in an infinitely deep layer requires A=O so that ZA

_[(So_X)(1 + Xs) + 2 D201 - [X(l+ Ls) + 2 D1o1 %6

B 2 011 X1

-s/ (_L + + L + L
CiXI (32X2 all c'2

(E-20)

where Dio provides for possible non-zero downward fluxes at r=O. The " .d
boundary conditions at T=O are 44

M = B + X = P10 " 2 D10  (E-21a)

and

M20 = SO M = P 20 - 2 D20 (E-21b)

These conditions provide the full solution for an infinitely deep region

consisting of two IR groups and a solar group.

To illustrate the behavior exhibited by these conditions for a

single layer, consider an example of equal strength IR groups (O= O.2"=

106
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0.5) with arbitrary normalization of x, = 1 and x2  102. The tempera-

ture profiles which result are shown for several values of X s  in Figure

E-2. If x s < x2 the temperature increases with depth to an asymptotic

value. If X2 K Xs< x1 the temperature reaches a maximum at a depth com-

parable to x or at a solar optical depth near 1. If x > x, the tempera
s °

ture monotonically decreases while if x >> x one sees structure at both of

the depth scales of X- and (,/x- )-  but the temperature still

decreases monotonically.

As illustrated by the previous discussion of soot layer optical

properties, the activities of the equivalent IR groups span that for the

solar radiation. In order to demonstrate the basic features expected in a

realistic temperature profile, let us approximate the water-vapor emis-

sivity using just two IR groups. We will take

J-(z) - .4 (1 - e "  + .3(1 - e- ' 6 5z)  (E-22)

where z is in kilometers. Thus we are using a, = .4, x1 = 12.5 km
- , (2

.3, and X2 = 1/16 km"-, while taking xs= 1/4 km-1  The above fit to g(U)

is not very good unless U-I but the essential feature is preserved--
namely, there are IR groups both more and less active than the solar. The

exact values for al and x, are not well determined by such a fit but it

turns out that the essential features of solution remain largely indepen-

dent of the selection of parameter values.

The temperature profile which results from the two IR groups
plus one solar group approximation for two streams is shown in Figure

E-3. Since x2 ' Xs" x1 , there is a maximum temperature which occurs and

it is at a depth of T = 2z = 2.2 km, which corresponds to a solar optical

depth of -1/2. The tenperature gradient at tne top of the layer greatly

exceeds the critical lapse rate of about 7 degrees per kilometer so that

.;r the profile will be unstable against convection. The resulting convection
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will alter the profile so that the gradient will not exceed the critical

lapse rate anywhere. It is not clear that there will exist a steady state

profile maintained by convection. Without entering into a dynamical

calculation we now want to consider the character of a possible steady

state profile which is maintained by convection, allowing for the

possibility that a portion of the layer may mix with air above to reduce

the opacities and effectively expand the layer.

CONVECTIVE LIMIT

In a region in which convection enforces a maximum gradient

equal to some critical lapse rate, 6, our previous solution for 2 IR

groups is inappropriate. In such a region the gradient will be constant

at B and there will exist an additional flux from the convection.

The transfer equations for the IR and solar groups are the same

" as in the absence of convection. Namely,

= x .Mi (E-23a)

(Mi) = xiP - 2 Xi ioT4  (E-23b)

S So eX s (E-23c)

but the steady state condition becomes ,.-

(SM S + F) = 0 (E-24)

where F is the convective flux. Furthermore, the temperature now is

restricted to the form
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T = To + 0 T (E-25)

where 8 is the critical gradient and To is an unknown temperature at the

top of the layer.

Eliminating Mi using Equations E-23a and b, while making use of

Equation E-25, yields

2P
- 1 1 = 2xc 1 o(1 + (L)x) (E-26) _4XiPi =2xiiTo  T (-

which has a general solution of the form

-XT BXiT 4
P. = Aie - 1 + Bie x i + . aijT (E-27)

j=O ,0

The coefficients aij can be expressed in terms of T o as

a. 2 T 4 (sT)4ai4 = 2 aia To( (B/To) 3)
49

a aT0(4 (S/T )S .,.
ai3 = i To )-..

ai 2 a ao T0 (6(B/T 0 ) 2 ) + 12 a 4 /Xi (E-28) "-'"

ai = 2 a a To4 (4 (/To)) + 6 ai/X,2

= 2a To0  + 2 ai 2 /x, 2

io Q

Using Equation (E-23a) the Mi can be written as

-Xi T Xi T 4 j.-1
M. = "Ale + Bie + I j aij T' (E-29)

1
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For no downward flux at the boundary at T=O

P 0io = Mio (E-30)

and

Ai = (aij/xi - aio)/2 (E-31)

Furthermore, fixing the convective flux to be zero at T=O forces

P io ZMio = SO  (E-32)

which requires

Z B1 : So " ! (ail/x i + aiO
)12 • (E-33)

Thus the remaining unknowns are To and B1 . (From Equation E-33 Bj+ B2  .

can be written in terms of To. So it is only the split between the Bi

which is unknown.)

The convective flux can be found by integrating Equation

E-24, giving

XeT i'--'
F Ye 1) - [7 A(e -1) + B(e - 1) -*-

+ li - j-1 (E-34) f:.+ j=:2 Xi

where the condition F=O at T=O is imposed giving no convective flux at the

boundary.

Figure E-3 indicates that in the absence of convection there

will be a finite region with a temperature gradient exceeding the critical

lapse rate. Since this region is unstable to convection, it will be
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altered through convection, perhaps including a mixing with the inactive

region above and also perhaps dynamically changing the previously stable

region below. Without exploring the dynamics of such processes, we shall

now consider the possibility that there may exist a different steady state

equilibrium in which convection holds the upper region at a gradient a

while the semi-infinite lower region is unaltered except for possible

changes in boundary conditions at the interface. This new configuration

is to allow the possibility that, through mixing, the upper region is uni-

formly stretched, if necessary, to provide a solution which matches the

boundary conditions at the interface. This stretching will be carried out .

by a uniform reduction of the x's in the upper region such that their

ratios are fixed.

The conditions to be met are as follows:

The convective flux, F, is to vanish at the top (T=O)

and at the interface, t 0 .

The gradient of the convective flux, 9F/;T, is the

vanish at the interface--this forces the temperature to

be continuous.

All IR fluxes Mi and Pi are to be continuous at the

interface--actually only one of the four conditions is

independent.

The maximum temperature gradient in the lower non-

.1 convective region must be no greater than B.

In general, it is found that parameters To, T0 , and B1 (or, equivalently, '

the mix between B1 and B2) can be found which satisfy the above conditions

without any stretching or mixing of the upper convective region.

Phi
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It is further found that there exist solutions with a stretching

up to some maximum value beyond which the temperature gradient at the top

of the nonconvective lower region exceeds B. The maximum allowed stretch-

ing is generally no more than about 50 percent for typical parameters.

Any degree of stretching less than this maximum results in a discontinuity

in the temperature gradient at the interface. While there is no physical
reason to rule out such a possibility, it seems likely that the dynamics

of the change from an unstable profile to one maintained by convection

would not leave such a discontinuity. This reasoning is further supported

* by the example in Figure E-4, which indicates that the final convective

region is much larger than the original region for which dT/dT > 3.

Figure E-4 shows three temperature profiles which result from

opacities which approximate those for a soot layer. The profiles are for

a fully nonconvective equilibrium (ORIGINAL), for an unstretched con-

vective layer above a stable layer (UNSTRETCHED), and for a stretched

convective layer above a stable layer such that the temperature gradient

is continuous across the interface (STRETCHED).

The effect of introduction of a convectively stabilized layer is

generally a reduction in temperatures at the peak and at the bottom of the

region with an attendant sharp increase in the temperature at the top of

the layer. The temperature peak of the original region is at a solar

optical depth, XsT, of about 1/2 while the convection induced peak is at

an optical depth of about 2.

REMARKS

The goal of the, currently incomplete, work described in this

appendix is to understand the development of the instability at the top of

the soot layer when no condensation cloud is present. The most obvious

conclusion of the work so far is that it is necessary to resolve the IR

1 4 ..114 -

.. 4 '...



0 . O

* ~CM

I ..........................

Ln,

* %

CL

* L .-

* Ln

SUJ

LLJ

AZ' L LL: f >
0. 0 %

ex LA4->
Ls. C

*.-LL

C) CL C) .

C)) *.
co~~~~ toC4 C- l

m CI).

38nIVH dW3

115.~



opacity of H2 0 into more than one band unlike was done in Chapter 3. If

there are portions of the IR band where the opacity is higher than is the

solar opacity and portions where it is lower than the solar one obtains

behavior--the details of which cannot be simulated by any single IR band.

These details are not of great importance for estimating the maximum

temperature or the temperature level in the cloud, such as at the earth's

surface, but they are very important for understanding stability proper-

ties. The opacity of water-vapor is so high in the ten to twenty percent :

of the IR band which has the highest opacity and so low in the thirty

percent which is lower that we believe there will always be substantial

parts of the IR band when the opacity is on either side of the solar. For

these reasons amounts of water-vapor which are too small to affect the .

main character of the temperature profile as calculated in Chapter 3 can

be important to the development of the instability. Note that the IR

opacity of condensed water is quite constant as a function of frequency so

the problem under discussion here must affect the stability calculations

of Chapter 3 which were for condensed water.

V
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ATTN: TSLD ATTN: A JEAN

ATTN: W UTLAUT
SPACE COMMAND

ATTN: DC T LONG DEPARTMENT OF DEFENSE CONTRACTORS

STRATEGIC AIR COMMAND AEROSPACE CORP
ATTN: SAC/SIJ ATTN: D OLSEN

ATTN: E RODRIGUEZ
STRATEGIC AIR COMMAND ATTN: IGARFUNKEL

ATTN: SAC/LGW ATTN: J KLUCK

ATTN: J STRAUS
STRATEGIC AIRCOMMAND ATTN: K S CHO

ATTN: NRI/STINFO ATTN: R SLAUGHTER

STRATEGIC AIR COMMAND ATTN: T SALMI

ATTN: XPFC ATTN: V JOSEPHSON

STRATEGIC AIR COMMAND AEROSPACE CORP.
ATTN: XPFS ATTN: S MEWATERS

STRATEGIC AIR COMMAND ANALYTICAL SYSTEMS ENGINEERING CORP

ATTN: XPQ ATTN: RADIO SCIENCES

DEPARTMENT OF ENERGY ANALYTICAL SYSTEMS ENGINEERING CORP
ATTN: SECURITY

DEPT OF ENERGY OFC OF MIL APPL GTN ATR RH S TATTN: DP-233 AUSTIN RESEARCH ASSOCIATES,,. _
ATTN: J THOMPSON

EG&G,ATTN: D WRIGHT AUTOMETRIC, INC
ATTN: C LUCAS

9.LAWRENCE LIVERMORE NATIONAL LAB BDM CORP
ATTN: L-31 R HAGER ATTNR A
ATTN: L-53 TECH INFO DEPT LI8 ATTN: A VITELLO

ATTN: L JACOBS

LOS ALAMOS NATIONAL LABORATORY BERKELEY RSCH ASSOCIATES, INC
ATTN: D SAPPENFIELD ATN: C PRETTIE
ATTN: D SIMONS ATTN. C PRKMAN
ATTN: J WOLCOTT ATTN: SWORKMAN

ATTN: MS 664 J ZINN
ATTN: R JEFFRIES BOEING CO
ATTN. T KUNKLE, ESS-5 ATTN: M/S IF72 G HALL

SANDIA NATIONAL LABORATORIES ATTN: M/S 6K-92 D CLAUSON
ATTN: D HARTLEY 8300 BR COMMUNICATIONS
ATTN: T COOK ATTN: J MCLAUGHLIN

SANDIA NATIONAL LABORATORIES CALIFORNIA RESEARCH & TECHNOLOGY, INC
ATTN: D DAHLGREN ATTN: M ROSENBLATT
ATTN: D THORNBROUGH
ATTN: ORG 1231 R C BACKSTROM UNIVERSITY AT CALIFORNIA, SAN DIEGO
ATTN: ORG 1250 W BROWN ATTN: H BOOKER
ATTN: ORG 4231 T WRIGHT
ATTN: SPACE PROJECT DIV CHARLES STARK DRAPER LAB, INC
ATTN: TECH LIS 3141 ATTN: A TETEWSI,

OTHER GOVERNMENT COMMUNICATIONS SATELLITE CORP

ATTN: G HYDE
BUREAU OF POLITICO MILITARY AFFAIRS

ATTN. PM/STM COMPUTER SCIENCES CORP
ATTN: F EISENBARTH

CENTRAL INTELLIGENCE AGENCY
ATTN: OSWR/NED
ATTN: OSWR/SSD FOR K FEUERPFETL
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DEPT OF DEFENSE CONTRACTORS (CONTINUED) LOCKHEED MISSILES & SPACE CO. INC
2 CYS ATTN: D CHURCHILL

CORNELL UNIVERSITY
ATTN: D FARLEY JR M I T LINCOLN LAB
ATTN: M KELLY ATTN: D TOWLE L-230

ATTN: I KUPIEC L-100
ELECTROSPACE SYSTEMS, INC

ATTN: H LOGSTON M/A COM LINKABIT INC
ATTN: P PHILLIPS ATTN: H VAN TREES L

EOS TECHNOLOGIES, INC MAXIM TECHNOLOGIES, INC
ATTN: B GABBARD ATTN: J LEHMAN
ATTN: W LELEVIER ATTN: J MARSHALL

ATTN: R MORGANSTERN
GENERAL ELECTRIC CO

ATTN: A STEINMAYER MCDONNELL DOUGLAS CORP
ATTN: C ZIERDT ATTN: R HALPRIN

GENERAL RESEARCH CORP METEOR COMMUNICATIONS CORP
ATTN: B BENNETT ATTN: R LEADER

GEO CENTERS, INC MISSION RESEARCH CORP
ATTN: E MARRAM ATTN: C LAUER

2 CYS ATTN: D ARCHER
GTE GOVERNMENT SYSTEMS CORPORATION ATTN: D KNEPP "

ATTN: A MURPHY ATTN: F FAJEN
ATTN: F GUIGLIANO

HARRIS CORP 2 CYS ATTN: G MCCARTOR
ATTN: E KNICK ATTN: R BIGONI

HSS, INC ATTN: R BOGUSCH

ATTN: D HANSEN ATTN: R DANA
ATTN: R HENDRICK

IBM CORP ATTN: R KILB
ATTN: H ULANDER ATTN: S GUTSCHE

2 CYS ATTN: T OLD
INSTITUTE FOR DEFENSE ANALYSES ATTN: TECH LIBRARY

ATTN: E BAUER 2 CYS ATTN: W WORTMAN
ATTN: H WOLFHARD MITRE CORP

JAYCOR ATTN A KYMMEL
ATTN: J SPERLING ATTN: C CALLAHAN

ATTN: MS J 104 /M R DRESP
JOHNS HOPKINS UNIVERSITY ApR

ATTN: C MENG MITRE CORP
ATTN: J D PHILLIPS ATTN: J WHEELER
ATTN: J NEWLAND ATTN: M HORROCKS ...-

ATTN: K POTOCKI ATTN R C PESCI ,
ATTN: R STOKES 1 -W250 ATTN: W FOSTER
ATTN T EVANS

PACIFIC SIERRA RESEARCH CORP
KAMAN SCIENCES CORP ATTN: E FIELD JR

ATTN E CONRAD ATTN: F THOMAS

KAMAN TEMPO ATTN: H BRODE. CHAIRMAN SAGE

ATTN B GAMBILL PHOTOMETRICS, INC
ATTN DASIAC ATTN: I KOFSKY
ATTN W MCNAMARA

PHYSICAL DYNAMICS. INC
KAMAN TEMPO ATTN E FREMOUW

ATTN DASIAC
PHYSICAL RESEARCH, INC

LOCKHe[D MISSILES & SPACE CO. INC ATTN R DELIBERIS
ATTN !KLJMER ATTN T STEPHENS
ATTN RPSIAR%
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DEP OF DEFENSE CONTRACTORS (CONTINUED) SCIENCE APPLICATIONS INTL CORP
ATTN: J COCKAYNE

PHYSICAL RESEARCH, INC
ATTN: J DEVORE SCIENCE APPLICATIONS INTL CORP
ATTN: J THOMPSON ATTN: M CROSS
ATTN: W SCHLUETER

SRI INTERNATIONAL
R & D ASSOCIATES ATTN: C RIND

ATTN: B MOLLER ATTN: D MCDANIEL
ATTN: C GREIFINGER ATTN: D NIELSON
ATTN: F GILMORE ATTN: G PRICE
ATTN: G STCYR ATTN: G SMITH
ATTN: H ORY ATTN: J VICKREY
ATTN: M GANTSWEG ATTN: R LEADABRAND
ATTN: M GROVER ATTN: R LIVINGSTON
ATTN: P HAAS ATTN RTSUNODA
ATTN: R TURCO ATTN: W CHESNUT
ATTN: W KARZAS ATTN: W JAYE
ATTN: W WRIGHT

STEWART RADIANCE LABORATORY
R & D ASSOCIATES ATTN: R HUPPI

ATTN: B YOON
TECHNOLOGY INTERNATIONAL CORP

R & D ASSOCIATES ATTN: W BOQUIST
ATTN: G GANONG

TELECOMMUNICATIONS SCIENCES ASSOCIATES
RAND CORP ATTN: J BUCKNER . .

ATTN: C CRAIN
ATTN: E BEDROZIAN TOYON RESEARCH CORP
ATTN: P DAVIS ATTN: J GARBARINO

ATTN: J ISE
RAND CORP

ATTN: B BENNETT TRW ELECTRONICS & DEFENSE SECTOR
ATTN: R PLEBUCH HARD & SURV LAB

ROCKWELL INTERNATIONAL CORP
ATTN: R BUCKNER UTAH STATE UNIVERSITY

ATTN: A STEED
ROCKWELL INTERNATIONAL CORP ATTN: D BURT

ATTN: SQUILICI ATTN: K BAKER, DIR ATMOS & SPACE SCI
ATTN: L JENSEN, ELEC ENG DEPT ""

SCIENCE APPLICATIONS INTL CORP ANL SE LCN P
ATTN: C SMITH VISIDYNE. INC . i
ATTN: D HAMLIN ATTN: JCARPENTER
ATTN: E STRAKER
ATTN: L LINSON
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